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PROpEI(TES CIF QcApBmfE FIBW COMPOSST!ES 
AT CRYGGENIC TEMpHiATURES 

Prepared by : 
Robert A. Simn 
Richard Alfring 

ABSJ!RAC!I!: 
resulted inNASA-Lewis funding an investigation at NOL to measure graphite 
fiber composite properties at cryogenic temperatures. 
divided into six tasks; only Tasks I and PI are reported herein. 
an investigation of mechanical properties of several fibers and resins as 
composite &rands, bars, and NOL rings and showed that composite mduli increased 
by 0 to 2oq& at -195"C, and composite tensile strengths decreased by 0 to 30%. 
Bending fatigue at 50% breaking stress and 1000 cycles deteriorated rings less 
when cold thaa when at room temgerature. 
showed the Wphite fibers to have a slight negative coefficient, 
resins in composites, the resin matrix would experience up to 1.596 strain when 
cold due to its thermal contraction. 

Meed for low-weight, cryogenic pressure vessels for spacecraft 

The investigation was 
Task 1 was 

Therm1 contraction tests of composites 
Cornbined with 

Task II was the design, fabrication, and testing of graphite filament 
wound pressure vessels and was contracted to the Aerojet-General Corporation, 
Azusa, California. 
are generally compatible with the stainless steel liners used or with other 
candidate liner materials. 
showed the graphite vessels to be cotnpetitive with boron and two-thirds as high 
as fiberglass. 

Vessel ultimate strains of 0.2 to 0.5% were found, which 

The pressure vessel performance factor of I y f w  
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This report describes the results of tests of graphite fiber compos,tes at 
cryogenic temperatures. 
use of this nmteria3 for cryogenic tankage for spacecraft. 

The tests were to get preliminary data leading toward 

This report sutmmzizes the results of Tasks I and 11, w h i c h  covered the period 
June 1967 - August 1969. Work is continuing, with Tasks 111 - VI in progress. 
A report will be issued on Task I11 and another on Tasks Iv - VI. 
was funded as HASA Defense Purchase Request ~10360~ by the National Aeronautics 
and Space A-stration (BASA), Imis R e s e a w r ,  Cleveland, (&io. 

The work 
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The graphite (or graphitic) fibers are  candidate mterials for making con- 
Filment wound containers =de from tainers for pressurized cryogenic liquids. 

these fibers should give w a l l  strains of l$ or less. 
given strains of 2 - 4$, too high for  the s t ra in  capability of the mikterials 
used as the internal liners t o  prevent gas le-ge (refs. (a) and (b)). But 
l i t t l e  is  known of the mechanical properties of graphite fibers a t  cryogenic 
tenrgeratures. 

Use of glass fibers has 

This programwas done t o  obtain data on the strengths and moduli of graphite 
f iber  composites a t  temperatures dam t o  l iquid hydrogen temperature. WQrk was 
div ided  by NASA into Tasks I - VI; only Tasks I and I1 are reported herein. 
Task I was a preliminary investigation of several fibers, resins and fiber 
finishes i n  various combinations as unidirectional conrposites-l Task I1 w a s  
the design, construction, and testing of filament wound pressure vessels using 
the best materials from Task I.2 Follow-on work, involving Tasks 111, IV, V, 
and VI, is now under way at this Laboratory and w i l l  be reported subsequently. 
Investigations of both graphite and boron i n  this application at  other labora- 
tories are being pursued (refs. (c) and (d)). 
expected t o  find eventual use in  the design of filament wound cryogenic con- 
tainers for  NASA spacecraft. 

Data from all of these tasks are 

A. WSK I 

Task I was an exploratory investigation of candidate materials. Five fibers, 
two resins, and three fiber surface finishes were combined in  various coxibina- 
tions into unidirectional. composites and tested for  mechanical properties at 
room and cryogenic temperatures. 
t o  all tes ts ;  some unpromising combinations were eliminated early. 

Not a l l  conibinations of nraterials were exposed 

1. Elzteriala 

a. Fibers. The following table shows the fibers used in t h i s  study: 

Surface 
Treated by 

Sized 
_cI 

Fiber F s  Length .bBnufacturer - 
RAE (Wrganite) I TOW 6 inches No NO 

mrganite 11 TOW 1 nreter & Some untreated, No 

Thornel 50 2-Ply Yarn Continuous No Yes - PVA 

continuous some treated 

Hitco HMG 2-Ply Yarn Continuous No NO 

sanr=o 320 TOW 6 inches N o  No 

1 Task I was done by e Laboratory, Silver Spring, I& land 
2 Task I1 was contrac 

Project &Imager Ric 
y AeroJet-General Corp. , Azusa,?kLif e ; 
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Fibers, as rec or early production l o t s  
from mufac tu re r s  a&, in 
expected in volume producti e breaks, stiff spots, and small  
fuzz accumulations, Poor packbg, r e  

ses, exhibited faults which would not be 

ing i n  fiber danmge during shipment, 

s f iber  yarn and t a w  on spools; no 
s sometimes evident. The handling the fibers and gettfng good 
mposites mre diff icul t .  

special f iber  ge is evident i n  

b. Fiber Surface Finishes, iber surface finishes were applied t o  

The following table shows the finishes tried: 
increase the resin-to-fiber bond and t o  dete 
tensi le  strengths. 

ne the effect  on composite 

Finish 

None - fiber as received A l l .  
Whiskering ALL 
Nitric Acid Boil Thornel 50, HBiG 25, 

RAE Type 1, and W O  320 

"Whiskerin@;" fs a process of depositing B-silicon carbide whiskers 
in the mount of 2 t o  8s by w e i g h t  on the surface of graphite fibers by exposure 
i n  a furnacz t o  specific gases. Whisker 
t o  140 x 10 n/& (20,000 ps i )  i n  er  conrpsites. It is described 
more fu l ly  in reference (e)e i c  acid treatment was reported by Herrick 
(ref. ( f ) )  and consists of refluxing the fibers i n  70$ n i t r i c  acid fo r  24 hours 
and then water washing, 
fibers. The inclusion of such trea 
increased resin-fiber bond would y i  

s produced shear strengths of up 

The 

Both t e the tensi le  strength of the 
th is  programwas t o  determine if 

ected conrposite results. 

c4  Resins, Two epoxy resin syste were chosen, as follows: 
_I__ 

2* won 828 res 
cenyx s 9c a ide 117 phr 
1040 20 phr 

1 P b  

chosen as a s Aero jet -General 
for cryogenic 

2. 

were the f o  (I * 

a* f iber  yarn o r  dip-inSpreapla.r;ed 
with resin, 
ends for gri we.  The general procedure 
wed was essen 

ea: curing, tabs are bonded t o  the 

spec%f ication, reference (h ) 
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Figure 2a shows a typical strand ready for  tes t .  
the tensile strength of the graphite fibers. 

Strands were used t o  neasure 

be Bars. - The bar design used i n  t h i s  study is  shown i n  Figure 2b. 
This has unidirectional fiber, cut t o  length, impregnated with resin, then 
hand l a i d  in  a m l d  and cured. 
for cryogenic liquid immersion were bonded t o  each bar specimen. The bars 
were used t o  measure tensile moduli of the graphite fibers. 

After curing, electric strain gages suitable 

C. NOL Rings. The NOL ring, described in  reference ( i ) )  was used as 
a supp1emxrtax-y specinen t o  obtain additional tensile mdulus and strength 
data, and it also was used t o  obtain tensile fatigue data at 75s of ultimate 
stress for  1000 cycles. Other t e s t s  run using ring segments were short beam 
i n t e r l r  shear strengths and 3- or 4-pobnt flexural strengths and mduli. 
Figure 3 shows an NOL ring and certain fixtures used in  testing PJOL rings. 

d. Coefficient of T h e m 1  Expansion Specimen. The coefficient of 
thermal ex-mnsion suechm consisted of a unidirectional mlded laminate 10 ern 
(4 in.) long, w i t h  & thickness and w i d t h  of 0.28 cm (O.l.25 in. ) and 0.635 cm 
(0.250 in. ), respectively. 
cut into shear specimens of 5:l  span/depth ratio. 

After thermal expansion measureents, the bars were 

3. Temperatures 

Test telmperatures were 22OC (72?E’), -195°C (-320V) (liquid nitrogen), 
and -253°C (-4239’) (liquid hydrogen). 
the liquid hydrogen testing. 

NASA, Lewis Research Center performed 
not all specimens were tested at  a l l  teqperatures. 

4. Tests 

The following table sumazizes the specimens and tes ts .  

Cornposit e Test - Bkthod 

Strand Tensile Strength Ref .  (h) 

B a r  Tensile Modulus Electric Strain Gage 

Ring Tensile (Bending ) Mdulus Ref .  ( i )  
Tensile (Bending) Strength R e f .  ( i )  
3- or 4-Point Flexural hdulus  Ref .  ( i )  
3- or 4-Point Flexural Str. Ref .  ( i )  
Short Beam Shear Strength Ref .  ( i )  
Tensile (Bending) Fatigue 

Strength, 1000 Cycles, 75% 
of Ultimate Stress R e f .  ( i )  

A l l  Resin Content Burn-off , Appendix A 

B. TASK I1 

T&sk 3.1 was the des%gn, fabrication, and testing of 12 closed-end graphite 
fiLament wound pressure vessels, approle ely 20 cm (8 in. 1 i n  diameter and 

3 
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33 cm (13 in.) i n  length. 
effect  of t e s t  temperatures on the burst strengths of the vessels. lbterials 
used were Thornel 50 and hbrg&nite If* graphite fibers and resin 2 (828/m/ 
E1040/BDMA), as shown t o  be best from Task I (Section 11I.A.U). 

The purpose of testing the vessels was t o  determine the 

1, Structural Analysis and Design 

The metal-lined, fa3sm3nt-wound test vessel was a closed-end cylinder 
designed t o  achieve a longitudinal-to-circumferential strain ra t io  of approxi- 
mately 1:l and a burst pressure of 17 t o  19 x LO6 n/m2 (2500 t o  2750 ps i )  at 
22°C (75°F). 
circuntferential windings wound over a 0.015 cm (0.006 in.) thick Type 304 SS 
f o i l  l iner,  was selected from experience acquired Sn previous development efforts 
(refs. (c) and (a)). 

This vessel, fabricated from in-plane longitudinal windings and 

It w a s  assumed that the ultimate filament stress for  the longitudinal 
windings was 8.97 x 108 n/m? (130,000 ps i )  and 10% higher, or 9.85 x 108 n/n? 
(143,000 psi) ,  for  the hoop filaments. 
the results of Task I. 
and IbrganLte (Type 11) i n  the vessels, a single set of design stresses was used 
t o  fac i l i t a te  a comparative evaluation of the two graphite f i lamnts .  

This design strength was selected from 
Although different strengths were expected for  Thornel 50 

Two vessel designs were prepared and analyzed in  detail, one for  w h d i n g  
from "hornel 50 yarn and one for  winding f r o m  Fibrganite I1 tow. However, midway 
through the program it was evident that two types of Wrganite I1 vessels should 
be fabricated andtested. 
NOL had a larger cross-sectional area than anticipated, produced a heavier 
vessel than desired, and gave a design burst pressure 40 t o  50% higher than 
that of the Thornel 50 vessels. 
available Wrganite I1 material, three vessels were =de t o  the i n i t i a l  
Morganite I1 requirements (called a "three-thirds w a l l  vessel") and three 
vessels were made t o  a modified design (called a "two-thirds wall vessel"). 
The "two-thirds w a l l  vessel" w a s  wound w i t h  four layers (two revolutions) of 
longitudinal and nine layers of hoop winding. The balance of the discussion 
relates t o  the design of the Thornel 50 and mrganite I1 (three-thirds w a l l )  
vessels. 

This was because the lbrganite I1 tar received from 

To allow fabrication of six vessels w i t h  the 

Dimensions of the head contours and other vessel characteristics were 

Th i s  program defined the optimum head contours, the filament and 
defined w i t h  the aid of a computer program that  analyzed and provided design 
parameters. 
l iner  stresses and atrains a t  various internal pressure levels, the required 
longitudinal. conqosite thickness for  the heads and cylinder, the hoop-wrap thick- 
ness for the cylinder section, the filament 
of the components and complete vessel, 

h. l ewth ,  and the w e i g h t  and v03.w~ 

* lvbrganite I T  f iber is also available f ron the  manufacturer in a surface treaked 
version, designate ganite I1 S, It was the  rgaulite EX S which was SUP- 
plied and used t h  
fiber i s  referred t o  smly as M r  

ut  Task X I .  But in  the k 19 text and figures, the 

4 
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The design of the vessel, resulting from the computer program, is shown 
i n  Figures h and 4be The desi@ includes a metal f o i l  l iner,  an adhesive 
fiberglass scrim cloth layer t o  promote better bonding of the l iner  t o  the 
graphite vessel w a l l ,  and alternating longitudinal and hoop windings of graphite 
fiber impregnated with epoxy resin. 
lations, and an analysis of the stresses, strains, and w e i g h t s  are  shown i n  
Appendix C. 

Design parameters, winding pattern calcu- 

2. Fabrication 

Graphite filament-wound, metal-lined tanks were fabricated i n  accordance 
w i t h  the design sham in  Appendix B. The l iners  were made from AIS1 Type 304 
stainless steel by pressure-forming the end domes, machining the polar bosses, 
rolling a cylindrical section, and roll-resistance seam welding the segnmts. 
The liners, covered w i t h  scrim cloth, then were overwound using in-process 
epoxy resin impregnated graphite fibers. Twelve tanks were fabricated and 
tested: 
In  addition t o  the twelve vessels, 137 graphite strand test specimens were 
fabricated and tested. 

six of Thornel 50 graphite yarn and six of Wrganite If graphite taw. 

Liner fabrication was in accord w i t h  previous work done by Aerojet and 
is  described more fully i n  Appendix  D. 
ing was 12 pounds of Thornel 50 and 12 pounds of Mrganite I1 S supplied by 
NOL. Data, supplied by the manufacturers, for the f iber  tensile moduli and 
strengths of these fibers are sham i n  Table 1. 
by Aerojet for  the same properties. Extensomters for  measuring elongation 
were mounted directly on impregnated and cured fiber strands. 
are described i n  Appendix B. 
Table 1.) 

The graphite filament used in the wind- 

Wny of the ro l l s  were tested 

These procedures 
(These measured properties are also sham i n  

An extensive description of the winding of the vessels i s  given i n  
Appendix E. 

A ntrmber of problems were encountered during the fabrication of filament- 
wound vessels. Such problems included yarn and tow received from the manu- 
facturers in poor condition, mny fiber breaks encountered during collation 
and winding, high resin pickup, fiber slippage on the domes during winding, and 
fiber "wash'' and wrinkling when vacuum bag cures were used (Figure 5) .  
of the problems were reduced or solved early, and others were not resolved 
prior t o  completion of the w i n d i n g  program. 
a new or experimental material. 
t o  be adequate in  construction and suitable for tes t .  
considered substandard i n  construction, and results of t h i s  test were partially 
discounted. 
fabrication data summiry for  the vessels. 

Some 

A l l  were typical of first use of 
In all,  Xi. of the 12 vessels were considered 

Only vessel M-2 was 

Figures 6 - 8 show typical completed vessels. Table 2 gives a 

i 

3. Tests - 
The 20 cm (8 in.) d a t e r  by 33 cm (a3 in.)  long graphite filament- 

wound, metal-lined tanks were tested t o  determine their  burst strengths and 
strain VS. pressure chazacteristics. 

5 
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The 12 vessels were subjected to single-cycle burst tests at a rate of 
pressurization that produced a strain of approxinstely O.25$ per minute in the 
longitudinal and circumferential directions. 
3 at -195°C (-32O?F), and 4 at -253°C (-423OF), as sham in the following table: 

Five were tested at 22OC (75 ?E'), 

Fiber No. of Vessels Test, "C Temp., OF 

"hornel 50 3 
1 
2 

22 7s 
-195 -320 
-253 4 2 3  

Morganite I1 2* 22 75 
2* -195 -320 
2jc -253 -423 

* Includes one "three-thirds" vessel and one "two-thirds" 
vessel. 

Data recorded continuously were the internal pressure, exterior-surface 
temperature (cryogenic tests only), and deflection v6 pressure relationships at 
tbree points to provide hoop and longitudinal strains. 
measurements was nrrde at the center of the cylindrical section, and two sets of 
axial-strain measurements were made at different points along the cylindrical. 
section. In addition to the strain measurement instmrmentation usually used by 
Aerojet for testing, long-wire strain gages were evaluated by installation on 
all a b  Morganite I1 vesse3.s. 

One set of hoop-strain 

Water was used for pressurization for the 22OC (75°F) tests, liquid 
nitrogen for the -195°C (-320V) tests, a d  liquid hydrogen for the -253'C 
(-423°F) tests. The test fixture cons9sted of a vacuum chamber w i t h  provisions 
for instrument leads and vacuum-jacketed gas pressurization lines and cryogenic 
feed and vent lines. 
and vessel strains. 
a d  listening. 
sudden pressure dropoff. 
are given in AppencuX F. 

Remote instruments recorded pressure, teqperature, fbm, 
A television camera and audio system provided for viewing 

The tests ended at vessel rupture, as indicated by noise and 
W r e  details of the test procedure and instrumntation 

III. msms 
A. 'I1ASK I (Jnvestigation of Fibers, Resins, and Finishes) 

Xn general, com(iwured to ambient temperature fiber properties, values of 
fiber tensile strength tended to decrease while tensile modulitend,ed to 
increase when tested at crypgenic temlperatums. 

Tensile strengths were =awed using four differeat ~ ~ W ~ D X I S ,  8 8  iollows: 
resin-inpregnated strands, individual (dry) fihmnts, mlded laminated bars, 
and NOL rings. 
fiber, and nitric ac$d treated fiber. 
specinens. wer'c tested at both room teqperature and liquid nitrogen terqperature. 
Becawe of the large nwiber of' variables and specimns involved, this work 
constituted a major paxt of' the whole effort on Task I. The results axe shown 

Tfiese spwimns were made from as-received fiber, whiskered 
Two dlfferent epoxy resins were used, and 
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i n  Figures 9 - 16 and w i l l  be discussed i n  mre detai l  in the follaring para- 
graphs. The determinations of tensile moduli, flexural strengths and xwdli, 
and interlaminar shear strengths constituted the remainder of the work. 
results are shown in Figures 16 t o  23 and are  discussed in  the following 
paragraphs : 

These 

1. Tensile Strengths of As-Received Fibers 

Tests of six resin-impregnated strands gave room temperature strengths 
ranging from 13 x 108 n/& (189,000 ps i )  t o  21 x 108 n/m? (305,000 ps i )  w i t h  
Elbrganite I1 being highest. Eiblded unidirectional 
laminate bars gave somewhat iuwer values. 
strengths ranged from 7.5 x 108 n/& (115,000 p s i )  t o  15.2 x l$ n/& (220,000 
psi) .  Figure 10 shuws these values. Filament wound NOL rings gav fiber 
strengths about the same as the molded bars, ranging from 7.9 x 18 n/& 
(118,000 ps i )  t o  16.8 x 108 n/& (244,000 ps i )  for  three fibers tested. 
Figure U. shows these values. 

Figure 9 shows all values. 
Of  the four fibers t sted fiber 

A t  liquid nitrogen temperature, the three types of t e s t s  gave reasonably 
consistent results. 
a l l  the other fibers gave much less change. 
t o  temperature changes, varying i n  strength no mre than a few per cent i n  any 
of the three types of tests. 
Thornel 50 has about 90$ of the strength of Wrganite 11. Figures 9 - ll show 
the strengths of strands, bars, and rings at  liquid nitrogen temperature. 

Morganite I1 showed an average 30% strength drop, while 
Thornel 50 was particularly immune 

The result w a s  that; a&liquid nitrogen temperature 

2. Tensile Strengths of Whiskered Fibers 

Both resin bpregnated strands and individual (dry) filaments (1440 
filaments i n  Thornel 2-ply yarn; 10,000 filaments i n  mrganite t a r )  were used 
t o  measure tensile strengths of fibers whiskered by Themokinetic Fibers, Inc. 
Both methods of measurement shared whiskering t o  lower the tensile strengths 
by 5 t o  TO$, w i t h  heaviest whiskering giving greatest reductions. The rayon 
precursor fibers shared leas t  reduction, w i t h  Thornel 50 having 5$ reduction 
w i t h  "medium-heavy" whiskering. The pol crylonitri le (PAN) precursor fibers 
(Wrganite and Courtaulds) shared 25 t o  r Oqb reduction resulting from "light t o  
medium" treatments and 70$ reduction from "heavy" treatments. 
Morganite I w a s  tested i n  liquid nitrogen as a strand, and again the strength 
reduction due t o  tenaperatme was encountered--in th i s  case, 10s. 
gives complete data on these whiskered strand tensile strengths, and Figure 13 
shows individual whiskered filament tensile strengths. 

Whiskered 

Figure 12 

3. Tensile Strengths of n i t r i c  Acid Treated Fibers 

Nitric acid treated fibers were tested as strands, individual filaments, 
Tests of two fibers i n  strands gave room temperature strengths and molded bar . 

from 10.2 x l$ n/@ (148,000 psi)  t o  13.9 x 108 n/m2 (202,000 psi). These 
represent 2 t o  13% strength decreases over the corresponding untreated fiber.  
Data are sham i n  Figure 14. Individual ( d r y )  filament tests of Thornel 50 
shared a 1s drop in strength of treated fiber,  shown also i n  Figure 14. Tests 

i n  molded bars gave strengths of 7.5 x 108 n / d  (110,000 psi)  t o  
(206,000 psi). These are nearly identical t o  the values f o r  
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as-received fiber, and are shown in Figure 15. 
done on the effect  of varying n i t r ic  acid treatment times on the  tensile strength 
of treated fiber. Some scatter in the data was encountered, but the general 
indication is  an i n i t i a l  tensile strength drop of 15 per cent from the first 
four hours of treatmnt,  w i t h  no additional drop up t o  48 hours of treatment. 
These results are  shown in Figure 16. 

A short-term investigation w a s  

A t  liquid nitrogen temperature, n i t r i c  acid treated fiber showed more 
tensile strength drop than did as-received fiber. ganite I1 w a s  not among 
the n i t r ic  acid treated fibers, b u t t h e  others, which showed l i t t l e  change i n  
the as-received fiber tests, dr-opped 6 t o  30s after n i t r ic  acid treated. 
Both strand t e s t s  and bar tests gave essentially the same results. This 
appreciable drop when cold, coupled w i t h  the drop resulting from the n i t r i c  
acid treatment, reduces these fiber streng hs t o  rather lap values. 
value i n  strands, when cold, was 12.2 x ld n/$ (177,000 psi)  for  Thornel 50, 
and the best value in molded bars was 13.0 x 108 n/& (188,000 ps i )  for  hibrganite 
I. 

The best 

Figures 14 and 15 give complete results. 

4. Cycling Fatigue - Split  D Tensile (Bending) Test 

NOL rings were made using Thornel 50 and RIYII; 25 graphite fibers. These 
were tested using the Split D test tixture a t  75% ultimate stress (then back t o  
no stress) for 1000 cycles. 
sequently stressed t o  failure, a comparison of strength w i t h  the strength of 
uncycled controls gave the extent of degradation due t o  cycling. 
shawed that rings made from Thornel 50 w e r e  weakened by room tempratme cycling 
by 16, but cold cycling resulted in stronger rings which gave higher break 
strengths than the cold controls. HMG 25 gave a more expected result ,  w i t h  
room temperature cycling causing a 17% strength reduction and cold cycling 
resulting in a 9% reduction. 

Cycling rate was seven cycles/minute. When sub- 

These tests 

Figure ll shaws these results. 

Tensile fyloduli 

Tensile moduli values were determined from molded bars and from NOL 
ring t e s t  specimens. 
t e s t  results w i l l  also be compared l a t e r  w i t h  flexural moduli results. 
the fiber moduli generally translated a t  loo$ effectiveness into coqos i te  
moduzi. 
measurements, the c o w s i t e  noduli could be predicted quite accurately by know- 
ing the fiber content and applying the rule of mixtures. 
it is typical of unidirectional fiber reinforced composites, 

The ring t e s t  is more of a bending modulus, and so ring 
First ,  

When fiber moduli were known, either by mnufacturer's data or  by WOL 

This was 

Second, the fiber (and coqos i te )  moduli nearly always increased when 
Of four fibers 

ncreases when colcZ, and 
measured at  cold temperature as conn>ared t o  room tempera"ce. 
tested as bars, three of them showed 5 t o  
one was unchanged. Tests with NOL rings 
percentage increases when cold, 
sham i n  Figures 17 and 18. 
for 1000 cycles at 75% stress showed no change in  ncduli due t o  cycling. 
f ibers were cycle tested. 

absolute yabues and the same 
Results of moddi tests of bars a d  rings are 

Rings made from Thornel 50 and tested after fatiguing 
No other 

These results are shown on Figure 18. 
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Four n i t r i c  acid treated fibers were mlded into bars, and t e s t s  showed 
the n i t r i c  acid treatnent t o  have no significant effect  on Wul iwhen  the bws 
were tested at room temperature or when tested cold. 
i n  Figure 19. 
tested cold, averaging IO$ and ranging from o t o  20$. 

These results are s h m  
To sunrmarize the resuLts, moduli increases can be expected when 

6. Flexural Strengths 

NOL rings made from as-received fiber were cut into 3-inch length seg- 

Two of them, Wrganite I1 and 
ments and tested in  3-point bending at 16:1 span-to-depth ra t io  for  flexural 
strengths (and moduli). Five fibers were used. 
Morganite I1 S gave such high fiber strengths as t o  be in  a class by themselves, 
These strengths, 20.6 x 108 n/mi! (300,000 psi)  and 24.7 x 108 n / s  (358,000 psi), 
were three times as high as the next closest, H K  25, which gave 6.6 x 108 n/& 
(96,000 psi). A l l  strengths were relatively unaffected by cold. 
shown i n  Figure 20. 

Results are 

7. Flexural Moduli 

The same ring s e w n t s  tested for  strengths generally were also tested 
Fiber moduli a t  room temperature for  four fibers tested gave for mduli. 

reasonable agreement w i t h  moduli obtained from the NOL ring bending t e s t  and 
from the tensile bar test .  However, the mduli of Thornel 50 and HMG 25 
flexural specimens increased from 32 to  62s when tested cold, as compared t o  
an average 10% increase fo r  the ring and bar specimens when tested cold. 
of these flexural tests were repeated, w i t h  essentially the 
Figure 21 gives these results. 

Some 
results. 

8.  hterhminax Shear Strengths 

A considerable amount of interlaminar shear strength data were generated 
both from NOL rings and molded bars. Of five as-received fibers tested in  rings 
at room temper ture 
value, 91 x lo2 n / d  (13 200 psi). Values for  other fibers in composites ranged 
from 20 x 106 t o  54 x ld n/& (2900 t o  7800 psi) .  
temperatures invariably increased the shear strengths, Morgaaite I1 S increasing 
by 4$ and the others increasing by 2 t o  54$. The values are sham in Figure 22. 

brgani te  I1 S gave by far the highest interlaminar shear 

Testing at  liquid nitrogen 

Four fibers were molded into bars. bbrganite I1 and Wrganite 11 S were 

x LO6 

not among t h e m ;  the fibers used gave shear strengths of 16 x 106 t o  35 x 106 n/m2 
(2300 t o  5100 psi)  a t  room teqerature.  
shear strengths again were obtained. 
n / d  (9800 ps i )  for HI43 25. 

A t  liquid nitrogen temperature, higher 
Increases ranged t o  over loo$, t o  

Figures 2% and 2 3  show the results. 

S o x  of the fibers were n i t r i c  acid treated and then mlded into bars. 
When compared t o  as-received fbber, the treated fiber gave significant inter-  
laminar shear increases at  room temperature. 
12s increase for  the treated fiber. 
the treatment; shear values going t o  67 x 106 n/m2 (9700 p s i )  or four times 
higher than as-received fAber. 
gave the expected strength increases, up t o  25%. 

HMG 25 was least affected, giving 
Wrganite I had spectacular response t o  

When tested cold, the n i t r ic  acid treated fiber 
Treated Mrganite I, when cold, 
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gave a value pf 85 x lo6 n/aai! (12,300 psi) ,  
and 23. 

Values are shown in Figures 2 3  

9. Resins 

For the two resins used in t h i s  study, no ignificant difference was 

Measurement of just  resin properties (not i n  com- 
found in any composite mechanical property which would indicate superiority of 
one resin over the other. 
posites) gave some differences, as shown i n  the following table: 

Resins - Tested at  Room Temperature 

Yield 
ElOD- Elon - 

gation 
Resin - lo8 n/& psi L 

1) 2256/0820 29.5 414,000 1.7 55 8 000 5.0 99 14,300 

El&O/BDMA 20.5 297,000 l , 5  31 49 500 4.2 50 7,300 
2) 828/w/ 

Although resin 1 is  stronger at  room temperature, i t s  use in composites 
did not result in  stronger composites, a t  least for those properties neasured in  
t h i s  work. 
sham i n  Figure 24. 
gravity of 1.09 conpared t o  L23 for  resin 1. 
chosen for  Task I1 work, as w i l l  be noted i n  a later paragraph. 

Use of resin 2 w a s  easier because of i t s  longer working time, as 
Also, resin 2 was lighter in w e i g h t ,  having a specific 

For these reasons, resin 2 w a s  

10. Coefficient of Thermal Contraction 

M3lded bar coxposites made from four fibers, along w i t h  one of the 
resins and three other Ipaterials for  calibration, were tested for coefficient 
of thermal contraction over the temperature range of +22"C t o  -195°C (295°K t o  
78°K). Contraction for  of the graghite c osite specimens was extremely 
lar, being about 0.5 x cm/cm, or 0.5 x 1 $, or 50 micro-cm/cm. The 
following table gives more coq le t e  results: 

1 Contraction Between 22% and -195°C 

Hadbook 
Value 

Mrgaaite I Composite* 50 *50 oe2 & 0*2 - 
Thornel 50 Composite* 50 A50 0.2 20.2 
EFMG 25 Coqposite* 50 k50 oa2 20*2 
W O  320 Composite* 50 *50 0*2 *0,2 

Fused Quartz 75 *25 0.3 +O,L 0.256 
Steel 2400 f125 9.5 20~5 9.0 

c 

( A l l  conrposites measured the fiber direction) 



Contraction Between 22°C and -195°C (continued) 

mterial 

Reduetion i n  Length Linear Coeff. of 
Due t o  Temgerature Thermal -sion Bardbook 

106 per "C Value 

Aluminum 4200 5L25 16.9 20.5 17.0 
Resin 1 in th is  study 11,100 2125 44.4 20.5 
Resin 2 in  th i s  study 14,500 58 AeroJet 

Value 

* All w i t h  R e s i n  1 

Calculations of the thermal contraction coefficient of the bare graphite 
fibers shm them t o  be slightly negative. 
colder, the graphite fibers get sl ightly longer. 
resin gives composites which get sl ightly shorter when colder, as sham i n  the 
table. 

Other colniposites made w i t h  resin 2 (828/DSA/ElOkO/BDW) and also com- 

That is, as the temperature gets 
Conibining the fibers w i t h  

This is  presented mre f u y  in section IV, "DiSC~38iOn." 

posites made w i t h  n i t r i c  acid treated fiber were tested. 
the value shown in the table were found. Note that values in the table have 
apparently wide tolerances. 
was  limited by the standard ASTM apparatus used. Total linear contraction for  
the four-inch long graphite composite specimens was only two ten-thousandths of 
an inch. The quartz tubes and rods of which the apparatus itself' is made have 
a greater contraction. 
adequate t o  show that the graphite composites b v e  l i t t l e  thermal contraction, 
while the epoxy resin used w i t h  them has over 200 times as much contraction. 
Them1 stresses are  indicated, as w i l l  be pointed out in the Discussion. 

No differences from 

This is because the accuracy of the measurements 

However, the apparatus and results were coqpletely 

11. Testing at  Idquid Hydr ogen Tenperatwe 

The scope of this work in  Task I included testing a t  liquid hydrogen 
teqperature. 
supplied by NOL. 
the results prevented these data frombeing as useful and consistent as 
originally anticipated. 

This testing w a s  done by BAslh, Lewis on samples fabricated and 
Scheduling problems at  I?ASA and certain inconsistencies i n  

The results generally were as fol lars :  

a. Thornel 50 rings increased in tensile strength by lo$ over results 
obtained at -195°C (-3209). 
i n  Task 11, noted elsewhere in this report. 

This result also was confirmed by vessel tests 

b. 
temperature strength, 
unlikely and xaay be the result  of a fabrication or testing error. 
inconsistent w i t h  the Task I test reslllts at -195°C (-3209) and also incon- 
sdstent w i t h  the 

Mrgmite  X I  rings increased in tensile strength compared t o  room 
This result  i s  interpreted as being unexpected and 

It i s  

I1 vessel results. 

1 strengths of both Thornel and M3rgdte composites were 
30 t o  7@ higher than previously obtained at  either room temperature or liquid 

ll 
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nitrogen tePnperature. These results wes cted, and we 
through other experiments e 

much higher value than its room 
lower value than i t s  room temper ntrol. We have no 
results. 

d. Interlasgimr shear results were varfed, w i t n  
w e  control and !fhome g%ving a much 

NOL i n  -195"~ ( -320 

12. Choice of mterials for  Task 1 

The final responsibility i n  Task I work was choosing two fibers and one 
resin for  the Task 11 work. The fsUarw were chosen: 

mterial Remarks 

Morganite I1 S Fiber Highest room temperature and liquid 
nitrogen strength. Highest hterlsminar 
shear strength. A v a i l a b l e  in long (one- 
pound) lengths. 

!Phornel 50 Fiber 

Resin 2 (828/=/ 

Second highest strength at liquid nitro- 
gen teqeratwe. l[nwest fiber density, 

bnger working l i f e  than resin 1. 
Lower r e s b  density than resin 1, EU~O/BDM) 

Additional reasons for choosing the above two fibers were t o  waLuate 
the difference between a P N  precursor and 
differences between a taw and a yarn. 

n precursor fiber the handling 

Thornel 50 tensile strength was not reduced (even incPeased 

All vessels shattered in EL brittle f 
graphs of typicfll tasted vessels are 

The comparison of fiber tensile str 
graphite fibers obtained by burst testing e 
sham below : 
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Ibrganite II was 46% stronger than mornel 50 at &lent temperature, 
having an av rage filament tensile strength value of 12.3 x 108 n/$ (178,000 ps i )  
vs. 8,3 x 18 n / d  (121,ooO psi). 

A t  liquid nitrogen temperature, -195°C (-320°F), excluding vessel M-2 
data, Tho ne1 50 w a s  6$ stronger than 
10.2 x l a  n / d  (148,W psi) vsi, 9.65 x 108 n / d  (1b,OOO psi). 

A t  liquid hydrogen temperature, -253°C (-423OF), Thornel 50 was 14$ 
stronger than Morganite 11, having an average value of 11 x l& n/& (159,000 ps i )  
VS. 9.65 x 108 n/&? (140,000 psi) .  

3l$ i n  strength at  liquid hydrogen temperature over i t s  strength at  ambient 
temperature. 

ganite 11, having an average value of 

Thornel 50 gained 21s in strength at liquid nitrogen texperature and 

Mrganite I1 showed reductions of 17$ i n  s t r a g t h  at l iquid nitrogen 
and 22% at  liquid hydrogen temperatures compared t o  a i e n t  tensile strength. 
The Mrganite I1 vessels were wound w i t h  two different w a l l  thicknesses. 
stress was found t o  be influenced by wall thickness. 
thicker w a l l  was 20$ less than i n  the thinner w a l l .  
stress in  fiberglass vessels w i t h  a similar change i n  wall~thickness. 

Failure 
The s t ress  at burst i n  the 

This coxupares to a 3% lower 

Average hoop strengths and average longitudinal strengths fo r  the three 
configurations of vessels at  the three temperatures are plotted for  comparison 
i n  Figure 25. 

2. Filament and Composite Thicknesses 

The filament thicknesses in the longitudinal and hoop wraps were cal-  
culated as s h m  i n  Appendix G, and, using the f iber  content (vol. 5 )  determined 
by burnout, the composite thicknesses were calculated. They conrpare w i t h  design 
requirements as follows : 

Vessel Type 

Thornel 50 

Mrganite II 
( "Three -Thirds" wall) 

Wrganite If 
( "TWO -Thirds " w ~ U .  ) 

Design Requirement 

Filament Thickness* Composite Thickness* 
Lmgi - b n g i  - 
tudiml Hoop Total tudinal Hoop Total 

0,092 0.157 0.249 0.178 0.300 0.477 
- 

0.076 o,ug 0.196 0.203 0.315 0.518 

* All data in cent 

0.097 0 . ~ 6 5  0.262 0.147 0.254 0.401 

The filament thicknesses 
fromthe design requlr 

shown f o r  the first two configurations differ 
iation of the n w e i g h t  from 



that an t ic ip ted  during the design phase. 
tudinal-to-hoop filament thicknesses f o  
decision t o  delete the last hoop layer 
and, consequently, higher hoop stresses, 
i n  Table 3 indicates that the a t t e q t  was successful, 
thicknesses sham are  a result of higher than anticipated resin content i n  
the composite, 
for  Norganite II vessels the f iber  content was 37.5 vol. $ as com,pared w i t h  
65 vol. $ anticipated during the design phase. 
ness in  the Morganite I1 vessels was no doubt responsible for  the 20% strength 
difference between the thin an& the thick w a l l  vessels, 
by using in-process resin impregnated fiber 
winding with a lower resin content preiMpre 
higher filarnent strengths as well as composite strengths. 

me variation of the rat io  of longi- 
rganite I1 was caused by the 
t o  develop more hoop failures 

A review of the  faflure nodes sham 
The high composite 

The fiber content for  the Thornel 50 vessels was 52 vol. $, and 

The buildup of composite thick- 

All vessels were wound 
It i s  very probable that filament 
ea yarn would allow attainment of 

3. Vessel Fiber Content 

The graphite fiber content (wt .  $) for  the Thornel 50 and Mmganite I1 
vessels is shown i n  Table 2, together w i t h  the standard deviation for  the six 
individual determinations for each vessel. Also s h m  in  mble 2 are the 
determined VSe known graphite fiber contents of the control specimens of Wr- 
ganite I1 f ibe r  furnished by NOL. 

a. Thornel 50 Vessels. The graphite fiber content of the 36 Thornel 50 
f iber  strand specimens varied from 9 . 9  t o  67.3 w t .  $. 
fiber content fo r  each of the six Thornel 50 vessels ranged from 59.7 t o  66.0 
w t .  5. 
ranged from 0.6 t o  3.0 w t .  $. 

The average graphite 

The standard deviation between the six specimens from a given vessel 

Vessel No. T-1 (Thornel 50 f iber)  had the resin applied w i t h  a brush 
and was cured w i t h  vacuum bag coqpaction, If the high value for  the specimen 
taken from the knuckle area is discarded, an average graphite content of 59.4 
wt .  $ is  obtained, the larest for the six vessels, 
standard deviation of the retnaining f ive specinens also becones the least of 
that sham for  the sFX vessels, rather than the highest, indicating a m r e  con- 
sistent resin content. 

With the discard, the 

Vessel No. T-2 was also compacted with vacuum bag pressure during 
cure. 
bath and between "squeegee" rollers,  This had the highest 
content of the six Thornel 50 vessels. 
caqaction during cure, since it was observe 
degrading the composite structure (as h e d  i n  Append The remaining 
four vessels shared f a i r ly  consistent 
bagging accounts for  the higher resin 
and mst consistent graphite content and the highe 
on actual composite weight (Table 3) .  But th i s  is probably the result  of the 
increased strength at cryogenic temperatures previously discussed rather than 
the lower graphite content. 

The resin was applied, however, by pulling the fiber through a resin 

The e of the vessels 

The average graphite content for  the six Thornel 50 vessels was 
62.1 wt. $e Using densities of 1.63 gm/cm3 (0.0588 lb/in.3) for  the graphite 
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and 1.08 gm/cm3 (0.039 lb/in.3) for  resin 2, the average graphite content by 
volume for the !Charnel 50 vessels was 52 vole $. 

b. Morganite II Vessels, 
ranged from 45.9 t o  54.2 w t .  !%. 
given vessel ranged from 0.39 t o  2.18 w t .  $. As a check of the procedure, 
Morganite II S fiber comEposites w i t h  known amunts of fiber and resin were 
fabricated by BOL and sent t o  the contractor for fiber content tests. The 
values obtained by the contractor for  the specimens agreed closely w i t h  the 
known values. 
inaccuracy over the eight l o t s  of O.78$. 

The values of fiber content for the vessels 
The standard deviation of specimens from a 

The inaccuracies ranged from 0.02 t o  2.945 w i t h  an average 

A l l  Ybrganite II vessels were cured without vacuumbag conpaction, 
and a l l  but vessel M-6 had the resin applied by pulling the fiber through a 
resin bath. On vessel M-6, the resin was applied by brush in an atteqpt t o  
reduce damage observed in passing the tow through the resin bath and squeegee 
roller.  
consistent content of the three vessels of th i s  thickness. 
a lso had the resin brush-amlied, had the most consistent graphite content of 
its group.) The average graphite fiber content f o r  the three thicker vessels 
was 51.1 w t .  $ as compared w i t h  49.3 wt;. 
probably due t o  a greater squeeze-out of resin caused by the additional layers 

This vessel showed the la res t  graphite content but also the most 
(Vessel 91-1, w h i c h  

for  the thinner vessels. This is 

of w i n d i n g s  

Vessel M-5 showed about 8s l e s s  graphite f iber  content than the 
other two vessels of the thick-wall construction. The reason for this is  not 
known. E its burst pressure of 19.2 x 106 n/& (2789 ps i )  is  compa3.ed with 
the 12.6 n/n? (l820 psi)  burst pressure of vessel M-3 (tested at the same tem- 
perature, -253'C, but of a thinner wall), vessel Ea-5 had better performance. 
This was unexpected, since i n  the discussion of filament stresses, a reduction 
of ultimate s t ress  of about 20$ was observed in the thicker walled vessels as 
compared w i t h  the thinner walls.  

The average filament content for the six Wrganite I1 vessels was 
Using densities of 1. 5 gm/cna3 (0.063 Ib/in.3) for the graphite 50.17 w t .  $. 

average graphite fiber content by volume for the Mr>rganite I1 vessels was 37.5 
vol. $. 
any significant weight saving w i t h  vessels fabricated of this ma te r i a l .  

f iber and 1.08 gm/cm3 (0.039 lb/in. 3 ) for  the resin system (resin 2), the 

This very law graphite content must be improved in order to achieve 

4. Pressure vessel Strain 

All of the vessels tested strained 0.17 t o  0.546, suitably low t o  function 
properly w i t h  a thin m e t a l  liner. The strains compared as follaws: 

Thornel 50 vessels were strained a t  burst ( w i t h  one exception) from 
0.20 t o  0.30$. 
increased w i t h  increasing strength as a result of cryogenic testing. 
filament modulus held between 35 and 38 x 1d.O n/$ (51 and 55 million ps i )  
through the three temperatures.* The average strain was 0*26$. 

The hoop and longitudinal strains were approximately equal but 
The 

* Based on calculated vessel stress and measured strains. 



The Morganite I1 vessels failed at strains ranging from 0.17 t o  0.5$. 
The average skrain for all six vessels was 0,33$. If vessel M-2 is excluded as 
being non-representative, the strains range from 0.29 to 0.50$ with an average 
of 0.39f. The fi-nt modulus for these five vessels ranged from 23 to 
29 x 10 * n/m? (33 to 42 million psi), a rather high scatter of values, with an 
average modulus of 27 x 1d.O n/m? (39 million ps%)*. The strain and leodulus 
differences between !borne1 50 and Wrganite I1 stem fromthe differences in 
filament modulus as advertised by the supplier, namely, 34 x 1d.O n / s  (50 million 
psi)  for Thornel 50 vs. 21 to 28 x l@o n/m? (30 to 40 million psi) for brganite 
IZ 

Vessel M-2 had some defective hoop windings, and m r e  windings were 
added to bring the defective area to proper strength. 
partially successful, the vessel failing at about 86s of the interpolated value 
for  its temperature. 
hoop reinforcement. 

The repair was only 

The low hoop strain of 0.17s was attributed to the extra 

Graphs of strains for all 12 vessels are shown in Figures 29 - 40. 
5. Pressure Vessel Performance Factor 

The pressure vessel performance factors (pV/W) shown i n  Table 3 were com- 
puted fromburst pressure, volume, and coqposite weight actually measured for the 
cwed vessels and range from 0.81 to 1.2 x 106 cm (0.32 to 0.46 x 106 inches). 
They reflect the weight of the resin-rich structure-and additional windings 
added, as well as lawered strengths resulting from other material and processing 
difficulties encountered duringwhding. 
factors noted in Table 3, perfomce factors for hypothetical vessels were 
calculated. 

In addition to the act& performance 

Using the filament weights used in calculating fila;mient stresses (based 
on a uniform minimum wall thickness), together with a reduction In resin content 
to obtain a 65 vol. $ fiber content, a performance factor for a hypothetical 
vessel was calculated using the actual burst pressures achieved on the test 
program. This performance factor is believed to be achienble for the three 
vessel configurations on future program and is probably conservative, since it 
includes only a reduction in weight which appears feasible and does not take into 
account the increased burst pressures which may result from such improvements. 

The performknee factors for the "improved" or hypothetical vessels and 
also for S glass and boron filament vessels are shown in the following table: 

Performance Factor x 10-6 

2 2 O C  -195°C -253°C 
in. 

Thornel 50 1.22 0.48 1.50 0.59 1.60 0.63 
- in. cm - cm - in. - cm - Vessel TJrpe 

hbrganite II 1-62 0.64 - - 1-42 0.56 
(Thick Wall) 

* Based an calculated vessel stress and  mat^ strains e 
16 
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Performance Factor x (continued) 

22°C -195 *C -253°C 
in. - cm - in. 

L_ 

cm 
I 

in. 
II 

cm - Vessel Type 

Mrganite I1 1.98 0.78 1.45 0-57 1.40 0.55 
(min Wall) 
s Glass 2.3 0.9 

Boron Filmrent 1.3 - 0.50 .. 
1.8 0.70 

IV. DISCUSSION 

A. DISCESION OF THE P R O t E E  

The dividing of the work into a preliminary investigation of nraterials (Task 
I) and the w i n d i n g  of vessels using the best materials (Task 11) was devised by 
personnel of NASA and NOL. 
the best msterials, as w e l l  as giving an indication of problems. 
might be recommjnded for  similar future programs. 
VI. Recommendations. 

This procedure proved entirely suitable and shared 
Some changes 

These are presented in  Section 

1. Room Teqerature 

Fiber tensile hs at room temperature ranged from 13.8 x 108 n/& 
(3O$,OOO ps i )  when masured by strands i n  Task I. (189,000 ps i )  t o  21 x 

Values were consistently below the muwf'acturer's specification values. 
bars or  filanznt wound rings gave 61 t o  80$ of the fiber strength of strands. 
T h i s  i s  typical; more massive specimens give lower values. Also, the Split-D 
test for  rings imposes a bending load which is not corrected i n  the stress 
calculations. 

Mlded 

Task I1 strand tests of Thornel 50 at room textperatme gave 14.9 x l& 
n/m2 (216,000 s i )  or 83$ of the manufacturer's value, and tests of Morganite 11 
gave 20.2 x l a  n/$ (293,000 psi) ,  or  79$ of the mufac tu re r  s value. Again, 
a desparity is shown between mmufacturer's values and t e s t  values. fn filament 
wound vessels, fiber hoop strengths of 5% and 679 of the respective strand 
strengths were attained for Thornel 50 and Morganite 11. 
values axe attributed t o  law winding tension and resin rich composites, as dis- 
cussed more fully in section G w h i c h  follars. 

These relatively lar 

2. Cryog enic Temperatures 

Fiber tensile strengths of Ebrgmite XI composites decreased signifi- 
cantly at cryogenic temperatures as c o w e d  t o  room temperature. 
using strands, bars, and rings gave 30$ strength drops. 
vessels gave l7$ strength drop at  -195'C and 22$ drop at -253.C. 

Task I work 
Task 11 work using 

This is 



undesirable for purposes of this st 
cryogenic temperature t o  see i f  the 
the fiber. 

single-filament tests were run at 
ength drop is an intrinsic feature of 

Tensile strengths of Thornel 50 collllgosites remained essentially constant 
w i t h  temperature in the Task I work and incr sed with laaer temperatures in the 
Task II work by 16 t o  3%. se is attributed by Aerojet t o  
their learning curve, the Later vessels being tested at lower temperatures. 
This constant or increasing s t r e  
50 being at leas t  as strong as t tures, while 
at room temperature the Thorned 3x0-thirds the str of Wrganite 
11. 

emperatures results in  the Thornel 
e I1 at cryogenic t 

3. Effect of Whiskerjag and Nitric Acid Fiber Surface Treatments 

Both the whiskering ana the n i t r i c  acid fiber surface treatments reduced 
the fiber tensile strengths. 
ments were not in accord w i t h  the objectives of this program. Strength reduc- 
tions from 5 t o  50$ were observed w i t h  Thornel 50; Mrganites I and I1 gave 25 
t o  75% reductions- Nitric acid treatment gave 2 t o  135 strength reductions i n  
strands but also made the strands mre vulnerable t o  larger-than-usual values of 
tensile strength reduction at cryogenic temperatures. Both surface treatments 
were for the purpose of Zmproving the resin t o  fiber bond, but i n  the case of 
predominately tensile stresses (as encountered in an internal pressure vessel), 
stronger resin bonds have not been shown t o  necessarily improve the composite 
tensile strength i n  the fLber dlirectioa. 
composite strengths, they were eliminated from use in the Tssk II vessel winding 
work 

From a strength staxxlpoint, therefore, these treat- 

Because the treatments reduced the 

4. 

Cycling fatigue of rings i n  the Split-9) fixture t o  1000 cycles gave 
relatively good results. 
l7$, but cycling w h i l e  c 
in  strengths. The test %he ring, and the higher inter-  
laminar shear st 
stand this type of 
problem in the fati 
fibers and resins t 
fatigue has been reported, references ( j )  and (1). 

Room temperatme cycling reduced strengths by 10 t o  
t o  an actual slight increase 

o help the ring w i t h -  
tures pose no extra 
s, a t  least for the 
er c o w s i t e s  in tensile 

C, MODULIANDEXFECL'aFTE u[RE 

a desirable c 
and Mrganite I6 fibers ave 

siderable var ia t i  e fiber w i t h  

18 
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The ultimate strain values of 0.2% t o  0,5$ found for  the graphite fiber com- 
posites i n  this  work were consistent w i t h  the objective of the overall NASA 
program--that is, the developmnt of a filament wound structure which is  strain 
compatible w i t h  thin metallic l iner  materials at  cryogenic temperatures. These 
strain values for  graphite filament are one-fifth the strain values obtained 
for  glass filament wound structures. 

Although flexural testing is  not directly ap-glicable t o  the problem of 
designing internal pressure vessels, it was decided that sone flexural &ta 
would help t o  give a broader basic knowledge of these materials. The tests 
showed that the 

strengths require both a strong fiber and a good interlaminar bond of resin t o  
the fiber, and the plbrganite 11 w&s unexcelled in  these two features. 
were almost unaffected by cold temperature, which for  Mrganite I1 lnay ref lect  
the interaction of decreasing fiber strength and increasing shear strength when 
cold. 
moduli, but when cold the flexural moduli increased from 32 to  62$, as compared 
t o  1 6  for the other modulus tests. 
probably is  due t o  errors introduced by the assunrptions comonly =de in these 
modulus calculations. 
modulus i s  negligible--probably is  the main culprit  i n  this  case. 
expect the shear mdulus t o  increase severalfold when going fromwarmto cold 
and, therefore, make the composite somewhat stiffer due t o  less resin deflection. 
R e s i n  shear modului a t  cryogenic temperatures were not determined. 

te I1 was i n  a class by itself for  hi& flexural strength, 
giving up t o  n / d  (39,000 psi) fiber strength. High flexural 

Strengths 

Flexural moduli at  room temperature were about the same as the tensi le  

The large increase i n  flexural modulus 

One of these assumptions--that the effect of resin shear 
One could 

The significance of the composite interlaminar shear strength of' the composite 
i n  the w a l l  of an internal pressure vessel has many ramifications. 
strengths are desired as the fiber strengths are higher, as the fiber diameter 
i s  larger, or as the lengths of fibers are decreased. 
are  introduced (as i n  "in-plane" winding in which the strand does not -take the 
shortest path), higher shear strengths are desired. W e r  shear strengths are  
better as the fiber strengths are lower and generally i n  the reverse of the 
above conditions. 
a b r i t t l e ,  glassy composite which shatters on impact loading or becomes very 
fulnerable t o  scratches or winding f l a w s .  
optimum shear strength necessary for  a given set of conditions. 
f o r  as- eceived fiber i n  composites at room temperature were from 20 x 10 t o  

These values are  typical of values obtained w i t h  these fibers since the inception 
of commercial graphite fibers i n  1965 and, compared t o  glass or boron fiber com- 
posites (ref. (k)), are generally quite low.  Hence, the f iber  surface treatments 
of whiskering and n i t r i c  acid boi l  were developed t o  increase t h i s  shear strength, 
Whiskering has been in other work (ref, (e ) )  t o  increase shear strengths 
t o  as high as 138 x Nitric acid boi l  i s  less  effective 
and gave strengths in this study t o  67 x 106 n/& (9700 psi) ,  
t o  both treatments include the i r  weakening effect on the fibers, as noted i n  
section B of this  discussion. For these reasons, they were dropped fromthe 
Task 11 vessel program, 

Higher shear 

Also, as transverse loads 

The objective is  t o  get the strongest composite but t o  avoid 

But it is  d i f f icu l t  t o  calculate the 
Shear st engths 

91 x 10 z n / d  (2900 t o  13,200 psi), w i t h  plhorganite I1 S giving highest values. 

/I&' (20,000 psi). 
But the drawbacks 
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The effect of cryogenic t strengths was t o  increase the 
strengths by 2$ t o  over 10@, 
by past studies w i t h  glass fiber composites (ref. (b) ) ,  and comes probably from 
the increased strength of the resin a t  cold teqpemtures, 

eratmes on sh 
f2.bis increase is an expected result, as indicated 

Fa COEZTICIENTS OF' EXPANSION 

There is  a considerable mismtch in the coefficients of expansion (or con- 
traction) of the mterials used in  th i s  program. 
very low 0.2 x 10-6 cm/m/ C. 
58 x lo-& cm/~m/~C. Calculathg from the strengths and mduli of fibers and 
resins, the coefficient of the bare fiber is negative, -0.2 x loe6 cm/cm/*C. 
The coefficient of the stainless steel l iner  is  intermediate, 9.5 x 10-6 cm/cm/*C. 
The resin has a heat cure and m y  be at 100% when it gels. Cooling t o  room 
temperature after the cure introduces an 80"c thesmal differential  t o  cause 
stresses. 
i n  the resin, sufficient t o  cause microcracking and 0.3% tensile s t ra in  in the 
stainless s tee l  liner. 
s t ra in  averaging 0.3$ i s  imposedo 
mechanical strains and can be 1.8$ for  the resin and 0.6% for  the liner. 
are rather high strains for  both materials at  cold temperatures and could 
indicate possible vessel problems if  both mchanical pressure cycling and t e m -  
perature cycling tests are imposed. 

The composite contraction was 
The resin was 200 t o  300 times higher, t o  

Further cooling t o  -195 or -253°C results in up t o  l e 5 $  tensile s t ra in  

When the vessel is pressurized, an additional tensile 
Total strains are the sum of the thermal and 

These 

Graphite fiber,  as received from the manufacturers, was not of good quality. 

Changes in  weight and cross-sectional area 
It was often inadequately packed and daxmged by shipping. 
splices and some snarls or tangles. 
along the length was evident. 
filament winding t o  the detriment of the part being fabricated. 
tensile strength and modulus values generally were appreciably below the values 
clained by the lllanufacturers. 
problems during the pressure vessel fabrication phase when using in-process 
resin inpregnation. 
nuPiber of breaks le f t  too much resin i n  the composite, which i n  turn caused 
fiber buckling and fiber wash when the resin was squeezed out on vacuum bagging. 
The bagging thereby had t o  be discontinued, leaving a composite both resin r ich 
and w i t h  excessive voids. 
viscosity, because in-plane w b d i n g  places the strand i n  an unstable path, and 
problems of strand slippage would be increased by lower resin viscosity. Some 
of the problems could have been avoided by the use of pre-irqpregnated fiber, 
which is recommended for any future w i n d i n g  of vessels. 
was t ine consuming t o  use, and part quality i n  some cases was lower than it 
should have been. We look forward t o  
fibers. 

Some contained many 

In use, some of it had w e a k  spots and broke during 
The measured 

The rather lar fiber quality caused particular 

The necessary low winding tension t o  avoid an excessive 

Heat was not used during w i n d i n g  t o  reduce resin 

3% all, the lnaterial 

an iarrprovemnt in the quality of future 

Au. of the tested vessels exhibited a br i t t l e  fracture mde of failure, w i t h  
This is an undesirable failure the vessel shattering into several large pieces. 

mode, since the vessel is rable t o  catastropic fa lure from scratches or  

20 
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dmpacts (micrometeroids). 
cation but rather is inherent t o  stiff, non-ductile fiber materials which are 
well bonded. Some possible ways of reducing t h i s  bri t t leness and increasing 
the impact strength include winding in  a small amount of a ductile f iber  and 
optimizing the resin-fiber bond a t  a value neither too high nor too low. 

This fai lure  mde is  not the result  of improper fabri- 

V CONCLUSIONS 

1. The objective of obtaining mechanical property data on graphite filament 
epoxy resin composites at room and cryogenic temperatures w a s  accomplished. 

2. Cold temperatures generally decreased the fiber tensile strengths. 
Morganite I1 w a s  most seriously affected, w i t h  18 t o  305 strength loss when 
cold, Thornel 50 in  pressure vessels w a s  an exception and increased up t o  3 6  
in  strength when cold. 
resulted i n  Thornel vessels having a slightly higher performance factor (Wfri ) 
than Mor mite at  cold temperatures. 
1.5 x 10 
wi th  borcg f iber  (1.3 t o  1,8 x lo6 cm) and two-thirds that of glass fiber 
(23 x lob cm). 
application. 

This difference i n  response t o  cold teapratures  

This perforlllance factor, estimated at  
cm fo r  graphite vessels w i t h  optimum fiber content, is  competitive 

This is promising for the future of graphite fiber i n  t h i s  

Fatigue cycling of NOL rings t o  1000 cycles at 755 ultfrnate stress 
gave 10 t o  17% strength decreases at room temperature and less a t  cryogenic 
temperatures. Therefore, low temperatures favor an increase in  fatigue l i f e  
of these composites. 

The fiber surface treatments of whiskering and n i t r i c  acid boi l  reduced 

Trans- 
the fiber and composite tensile strengths (in the f iber  direction) by 5 t o  70$ 
and are concluded t o  be undesirable for  t he  objectives of t h i s  program. 
verse composite properties were not measured. 

3. Composites moduli increased by 0 t o  20$ when cold compared t o  room 
temperature. Ultimte strain values of 
0.2 t o  0.596 i n  pressure vessels, resulting from the internal pressure applied, 
are generally compatible w i t h  thin metallic l iner  mterials, i.e., stainless 
s tee l  type 304. 
by winding graphite fibers over a metallic l iner  appears promising. 

This i s  desirable for  t h i s  program. 

!f!he concept of constructing lightweight filament-wound vessels 

4. Flexural and interlaminar shear properties were measured t o  give a 
broader basic knarledge,of the niaterials. 
by cold, but flexural moduli increased up t o  62% when cold. 
shear strengths increased by 2% t o  over looqb when cold. 

Flexural strengths were unaffected 
Interlaminar 

5 .  The thermal contraction of the fiber over the temgerature range +22 t o  
-195°C w a s  calculated t o  be sl ightly negative; that  is, the fiber increased in 
length i n  going dam through t h i s  2l7.C range. 
s teel  l iner  material, on the other hand, shrink considerablyo These materials 
combined into a vessel, cooled t o  liquid nitrogen temperature, and pressurized 
would give approximately 0.3% tensile s t ra in  for the fiber,  but the l iner  s t ra in  
would be 0.6% and the resin s t ra in  1.8s. 
l iner  and resin materials. 

The resin and the stainless 

These are  rather high strains for  the 

21 



6. Graphite fibers as received from the mufac turers  were not always of 
good quality. 
below the nrznufacturers stated values, and yarns and tows were sometimes fuzzy 
and broken. As a result, the fibers were often diff icul t  t o  use and composite 
quality solltetimes suffered. 

Strength and mdulus measurement results were nearly always 

7 .  AU. of the tested vessels exhibited a b r i t t l e  fracture mode of failure 
a t  both room and cryogenic temperatures. 
t o  these st iff ,  b r i t t l e  fibers and composites thereof. B r i t t l e  structures are 
particularly vulnerable t o  fabrication and handling damage and require careful 
procedures and good inspection. 

This is  undesirable but i s  inherent 

V I .  RECOldMEXDATIONS 

Fromthe results obtained as reported herein, certain problems were uncovered 
and certain questions left  unanswered. 
following : 

Any further work could include the 

1. Run siagle filament tests a t  cryogenic temperature t o  see if  modulus 
and strength changes are intrinsic t o  the fiber. 

2. U s e  prepreg i n  the vessel w i n d i n g  t o  allow closer control of the fiber- 
resin content. 

3. Use learning, or proof, vessels and qualify these before the =in test 
vessels are constructed. 

4. Consider helical  winding instead of in-plane winding for cylindrical 
shaped vessels. Helical w b d i n g  places the strand in a stable path and should 
eliminate strand slippage on the mandrel. A discussion of the relative merits 
of in-plane VS. helical  winding would be extensive, but at least strand slippage 
is easier t o  control w i t h  helical  winding. 

V I I .  F O U  ON WORK 

This cryogenic work is  continuing as Tasks I11 - V I .  The objectives of this 
continued work include t e s t s  of additional resins, particularly mibber-epoxy 
polyblends, crack propagation and fracture studies, and testing of bidirectional 
filament-wound plates. Reports w i l l  be issued. 
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Tensile Modulus 31.0 x lolo 33.2 35.2 45.0 x lo6 48.2 51.0 0.05 

Tensile Strength 15.9 x 108 17.9 19.8 230 x lo3 259 287 0.06 

Strand'Test Data (Total 12 Rolls and 43 Individual Tests): 

Tensile Wdulus 26.1 x lolo 30.4 33.5 37.9 x lo6 44.1 48.6 0.07 

Tensile Strength 9.65 x 108 14.9 19.7 140 x lo3 216 285 0.23 

n/m2 pf si 
cv - m i n e  avge m8x. min. avg. max. - - 

Wdacturer * s Dsta (Total 16 Rolls) : 

Tensile Modulus 22.8 x Id-* 26.6 2ge7 33.1 x lo6 38.6 43.1 0.09 

Tensile Strength 23.0 x lo8 25.4 28.8 333 x lo3 369 418 0.08 

Skrand T e s t  Data (Total 4 Rolls and 42 Individual Tests): 

Tensile Modulus 20.2 x Id-o 21.1 21.9 29.3 x 106 30.6 3.8  0.03 

Tensile Strength 18.2 x 108 20,2 22.1 264 x 103 293 320 0.08 
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FIG. 1 G R A P ~ I ~ E  ROVING A N D  YARN ON SPOOLS 
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(A) STRAND READY FOR TEST 

FIG, 2 

(B) TENSILE BARS FOR MODULUS AND 
STRENGTH. BAR ON LEFT HAS 
ELECTRIC STRAIN GAGE BONDED ON, 
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(A) NOL RING (3) NOL RING 1N SPLIT PIN 
~ O ~ U L U S  TEST FIXTURE 

(C) NOL RING IN SPLIT D fD> C ~ ~ ~ ~ ~ ~ l C  SHEAR AND ~ L E X U ~ L  
S T ~ E N ~ T H  TEST FIXTURE ~TRENG~H TEST F~XTURES 

FIG. 3 
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FIG. 6 THORNEL 50 FILAMENT WOUND PRESSURE VESSEL T-3 
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FIG. 7 THORNEL 50 FILAMENT WOUND PRESSURE VESSEL T-3 
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FIG. 8 MORGANITE E FILAMENT WOUND PRESSURE VESSEL M-’I 
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FIG, 26 POST TEST P ~ ~ T O G ~ P H  TANK T-1 
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FIG. 28 POST TEST P H O T O ~ ~ P H  TANK M-5 
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The composite resin contents for  both msks I and I1 were determined by 
burnoff i n  air or by thennal degradation of the resins in vacuum 
air w a s  done at 370% for  16 hours but was not suitable for  use w i t h  Mrganite 
11 fibers, since the fibers oxidized readily under these conditions. 
Morganite I1 fibers were present, the analysis procedure w a s  typically as 
described by Aerojet fo r  their vessels i n  Task 33. 

l3urnoff i n  

When 

Test Procedure 

The resin and graphite content of the composite of each vessel was deter- 
mined by a therml degradation process using six specimens f r o m  each vessel. 
The specimens were placed in tared containers, then dried and weighed a t  49°C 
(l20v) for  24 hours or  so, or  u n t i l  a repetition of the drying and weighing 
showed no further w e i g h t  loss. 
vacuum chaniber and heated at  427°C (8009') f o r  60 hours. 
specimens were held in vac um at 538°C (1OOO.F) for  16 hours. 

then cooled t o  93'C (200.F) or lower under vacuun, after which the specimens 
were placed in desiccators for  final cooling. 

The Thornel 50 specinens were then placed i n  a 
The lvbrganite I1 

The pressure 
during burnoff was 2.7 n/m 8 (0.02 t o r r )  or less. The chamber and samples were 

Each l o t  of Eibrganite I1 specimens included two additional control specimens 
furnished by NOL w i t h  knam graphite content. 
of specimens of resin 2 only were performed t o  establish the ash residue of the 
resin, which was determined t o  be 3.146, 

Previously, several burnoff tests 

"he specimens were cut w i t h  a hole-saw and w e r e  3.43 cm (1.35 in. ) in 
diameter by composite thickness (0.457 t o  0.762 cm, or 0.180 t o  0.300 in.). All 
of the specimens were taken fromthe cylindrical section of the vessel t o  obtain 
uniform values, except for  vessel T-lwhich also had specimens fromthe boss and 
knuckle axeas. Care w a s  taken t o  remve the innennost portion of each specimen 
t o  eliminate the scrim cloth and adhesive system used for  bonding the composite 
t o  the stainless steel liner. 

A -1 
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T e s t  Requirement 

m e  contract specified that a quantity of 120 t o  360 strand tests t o  measure 
strengths and moduli would be performed. 
the tensile testing was provided by HOL. 

A suggested procedtire for  performing 

Test Procedure 

Aerojet prepared and tested 137 strand specimens, 52 during technique 
developlnent midway through the program and 85 l a t e r  i n  the program. 
(10,000 lb) Instron testing lgachine was used for  the tensile testing of the 
strands. 
ground rubber faces. 
gage length and 500 magnification) was used for  strain measurement. 

A 4,540 Kg 

The specimen grips were Instron Screw-Action bdel  G-61-1~ w i t h  smooth- 
An Instron Strain-Gage Extensoneter (with a 2.54 cm (1 in. ) 

Testing techniques for  Thornel 50 garn were developed first. In accordance 
w i t h  the suggested procedure of MOL, lengths of single 50.8 cm (20 in.) yarn 
were impregnated w i t h  resin 2 and cured. A tension of 35 g r a m  was applied t o  
the strand during the cure. A t  first, the ends of the strand were then bonded 
between cardboard tabs t o  f ac i l i t a t e  mounting of the specimen in  the test grips. 
Strain measurement w a s  attempted through measurement of cross-head travel over 
15.2-centimeter (six-inch) and 25.4-centheter (ten-inch) gage lengths of the 
strand. Testing of the cardboard-mounted strands showed representative values 
for  strength but low modulus values. 'phis w a s  attributed t o  xinor slippage of 
the strand i n  the cardboard faces or  the cardboard faces in  the grips. Since 
slippage could be tolerated i n  the strength measurement but not in the s t ra in  
measurement, the strain-gage extensometer was t r ied  by mounting it directly on 
the strand, resulting i n  accurate mdulus values but low strength values. The 
cardboard holders were then discarded, since they interfered w i t h  the exten- 
someter and the strands were clamped directly in the rubber-faced grips. &bunt- 
ing the extensometer on the strands bent them and probably caused the low 
strengths. A pretensioning of 10%: w a s  then tried before the extensometer w a s  
attached; t h i s  procedure proved successful and resulted in  good values for  both 
moduli and strengths. 

The tensile testing of Mrganite II strands was performed i n  the s a m  way, 
The Wrganite I1 taw had approximately 13 times the cross- w i t h  one exception. 

sectional area of the Thornel yarn. 
a greater surface area to  prevent slippage in  the rubber-faced grips during 
testing. 
between flat  aluminum plates during cure, 
per strand w a s  used for  the Morganite tar during the  cure. 

Consequently, the ends of the strand needed 

The greater area w a s  achieved by clamping the ends of the strand 
A tension of 4.5 Kgms (ten pounds) 

D 



C 

RiEssuRE VESSEL DESIGN 

1. Design Analysis 

The pressure vessel design paraaLeters are shown in Table C-1. The design 

The Thornel 50 vessel stress-strain relationship 
was analyzed to determine stresses and strains in the filaments and liner under 
various loading conditions. 
(at 24OC) for the hoop windings of the cylindrical portion of the vessel and 
the liner up to theoretical burst strength is shown on Figure C-1. 
shows the same relationship for the brbrganite I1 vessel. 

Figure C-2 

The coquter output was used to construct pressure-strain curves9 for 24.C 
test temperature, to compare the measured pressure-strain characteristics with 
the predicted behavior. The predicted curves for 24V are presented in Figure 
C-3 for  the Thornel 50 vessels and in Figure C-4 for the Morganite vessels. 
The initial slightly steeper portion of the curve is due to the load-carryin$ 
capacity of the liner. As the liner undergoes plast c deformation above 

ganite, the increasing load is taken up by the filament-wound congosite. 
these computer results, dimensional and laaterial parameters for the vessels 
were calculated, as shown in Table C-2. 

2. Weight Analysis 

6.89 x lo6 n/& (1000 psi) for Thornel and 4.83 x 10 2 n/& (700 psi) for mr- 
F r o m  

The weights of the various canrponents of the tank, calculated f r o m  design 
details, are as follows: 

Graphite Filament- 
Wound Composite 

Graphite 

Resin 

Subtotal 

Wtal Mner 

&&mane 

Bosses' 

Subtotal 

Estimated Weight 

Thornel 50 -1 Vessela -2 Vesselb 
Pounds - Pounds pounds E& 

lbrganite II 

1.63 0.74 1.71 0.78 1.14 0.52 

0.67 0.30 0.67 0,30 0,45 0.20 

2.30 1.04 2.38 i,o8 1.59 0.72 

0.55 0.25 0.55 025 0.55 0.25 

1.46 0.66 L.46 0.66 1.46 0.66 

2.01 0.91 2*01 0.91 2-01 0.91 
4.31 1.96 4.39 1-99 3.60 1.63 



3. Winding Bttern Calculations+ 

a. 

y : n  e diameter of individual fibers of Thornel 50 is 6,6 microns, or 2.6 x 10- 

yam, or a t o t a l  of 1440 filaments per yarn. 
single yarn, Ay, is then: 

(1) Thorgel 50. From Union Carbide Data Sheet, equivalent f 

In a single yarn there are 720 filaments per ply and two plies per 
The cross-sectional area of a 

where Af = area of single filament, ine2 

~f = number of filaments/yarn 

ep = diameter of single filament 

Using another method, the yield of Thornel 50 yarn averages 19,600 
The cross-sectional area f t / lb .  

of a single yarn, Ay, is then: 
The density of Thornel 50 i s  0.0588 lb/in.3. 

where W = weight, l b  

L = length, Fn. 

p = density, lb/ig,3 

A =  1 lb = 72.3 x in? y (19,600 f t / l b )  (12 in./ft) (0.0588 lb/in.3) 

This compares wfth a cross-sectional area, of 420 x lom6 in.2 for 
20-end S glass roving: 

* Presentation of these calculations in both the S.I .  and English systems 
would be cumbersome a d  d 
used. 

icult to fo l la r .  The English system only is 

C -2 



Thus, 5.8 Thornel yarns are equivalent t o  20-end S glass roving i n  
cross -sectional area. 

( 2 )  Mrganite ( ~ y p  e 11) 

The yield of Morganite 11 taw average 1710 ft/lb. The density 
is 0.063 lb/in.3 

- 1 lb - ’ = (1710 ft/lb) (12 in,/ft) (0.063 lb/in.3) 

774 

In compsrison with 

x 10-6 in.2 

20-end S glass roving, the Morganite 11 taw 
is : 

420 x 10-6 = 0,543 
774 x 10-6 

rovings equal one lvbrganite I1 tow. 

b. mornel 50 Winding Pattern 

(1) Ungitudinal 

(a) Nmiber of Iayers. From the design analysis, the required 
longitudinal filsment-wound composite thickness at  the equator, TO, i s  
0.0583 in. The nuniber of layers, k, i s  established from the relationship: 

= ,E. , where t,, 1 = thickness of a single layer, 
ts, 1 

From experimental laboratory work, it has been established that the thick- 
ness of a single cured layer of yaxn wrapped i n  a side-by-side pattern i s  
about 0.Oll in. Therefore, le t  

c -3 



(b) Number of Revolutions. The nurnber of revolutions, Nl, i s  
given by : 

(c)  mpe Width and lzlrns per Revolution. Laboratory experiments 
were conducted using various conhinations of yarns i n  bundles and w i n d i n g  them 
onto the 8-in. diameter by 13-in. long liner. 
determined that winding two bundles consisting of six Thornel 50 yarns, each 
side-by-side, would provide a good tape f o r  vessel winding. 

Based on t h i s  work, it w a s  

The winding tape width for each bundle, WL, is given by: 

W& = * 
ts, 1 P vg 

where Ny = number of yams/bundle = 6 

Pvg = vol. fraction f i h m n t s  in composite = 0.65 

Each 6-yarn bundle has t h e  following idealized cured geometry: 

L 0.069 In* f 

c -4 



The er of t u n s  per revolution, N3, i s  given by: 

3 = TT P), cos where two bundles of width WT are used and 
J 

2 WL 

De = neutral axis diameter 
coqposite = 7.824 ine 

CY = in-plaJae wrap angle = 

U 

of longitudinal f i l ~ n t - w o ~ d  

13" 

174 turns/revolution 

(2) HOOP 

(a) N&er  of Layers. The required hoop-wound composite thickness, 
TH, is 0.100 in. This composite was wrapped w i t h  a 6-yarn bundle. 

The number of layers, h, is established: 

$3 - 0*'0° = 10.3 layers 
tz - O.OOg?l 

Experislental winding showed better compaction by using 9 layers. 
use 9 layers and adjust ts, 

Therefore, 

Tape Width and Turns per Layer. The required tape width i s  : 

The turns per layer, N5 , is  : 

N5 * & = 7.34 = 120 turns in 7.34 in. 
WL o x  

C e  

1+,=6 

then 

B 



( c  1 The windhg was accom- 
plished using two Hxrgmite XI tows. Let 

Then 

M3 = l-r Dc COB CY 

WL 
+D = 9 turns/revolution 

I 

Number of Layers. k t  

= 10 layers 

t,,h = TH - f o*loo 0.010 in* 
LH lo 

Tape Width and Turns per layer 

N5 = Le = 7.34 = 61.7 turns in 7.34 in. wr 



TABLE e-1 

Thornel 50 -1 Eobrganite I1 -2 Morganite I% 

in. cm in. cm in. cm 
Vessel Vessela ~e s selb 

Liner Diameter 7.766 19.726 7.766 19.726 7.766 19,726 

Vessel k n g t h  Between FWL 
Neutral Axis a t  Bosses 12.250 31.ll.5 12.250 31.U-5 12.250 31.I.J-5 

Polar-Boss Diameter 2.900 7.366 2.900 7.366 2.900 7.366 

&tal -Liner Thickness 0.006 0.015 0.006 0.015 0.006 0.015 

I;ongitudinal Filament -Wound 
Composite Thickness 0.0% 0.147 0.09 0.147 0.039 0.099 

Hoop Filament-Wound Corn- 
posite Thickness 0.100 0.254 0.100 0.254 0.067 0.170 

Design Burs t  Pressures at 
2500 2500 

17.24 x lo6 17.24 x lo6 

a Three-thirds w a l l  vessel 
b Two-thfrds w a l l  vessel 



DESIGR S 

Properties 

TABCE C - 1  

FOR -wow PRESSURE mssELs 

Coefficient of Thezmsl Expansion 
in . / in . /v  a t  +75 t o  -4239 
cm/cm/*C a t  +22 t o  -253°C 

Tensile Yield Strength 

Derivative of Yield Strength 
with Respect t o  Tenperatwe 

psi/OF 
n/m2/'C 

Elastic MxXulus 

Derivative of Elastic lbdulus 
with Respect t o  Temperature 

Plastic Wdulus 

:+ 
Derivative of Plastic US 

with Respect t o  Teqperature 
psijQF 

n/m*/*c 

Poisson s Ratio 

Derivative of pOissonDs Ratio 
with Respect t o  Te ture 

B U % B  
_I_ 

Type 304 
Stajinless Steel. 

Annealed 

0.289 
8.000 

6,760 x 10'6 
12.168 x 10-6 

38,000 
262 x lo6 

-116.0 
-1.44 x 106 

29.4 x LO6 
203 x 109 

-8030 
-99.7 x 106 

800,000 
5.5 x 109 

-0.1 
-1240 

00 295 

0*1 
0.3.8 

Graphite Filmrent -Wound 
Composite 

Thornel 50 Brganite II 

D 



TABLF: C - l  

part B (continued) 

Properties 

Volme Fraction of Filament 
in Composite 

Filament, Design Allowable 
Stress 
103 ps i  at 7 5 9  
n/& at 22.c 

Graphite- Fihment-WQund 
CormMsite 

Tyge 304 
Stainless Steel 

-- 0-65 0.65 

Hoop Longitudinal - 
143.0 130.0 

986 x LO6 896 x lo6 
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Dimensions : 

Outside Cylinder Diameter 

Wside  Diamter of 1 
Cylinder 

Inside Diameter of 
Cylinder 

Metal-Liner Thickness 

Total Composite Cylinder 
Wall Thickness 

Longitudinal Wound 
Composite Thickness 

Hoop Wound Conrlposite 
Thickness 

Cylinder Length, Tangent 
t o  Tangent 

Forward Boss Outside 
M m t e r  

A f t  Boss Outside 

Mksterial t@rs : 

Liner and Boss 

Filaments 

Liner -to-Composite Adhesive 

a 
b 
e 

B O ~ C ? L  50 ganite XI- -2 lbrganite 33 
Vessel Vessel8 Vesselb 

8.082 20,528 8.082 20.528 7.977 20.262 

7.766 19.726 7.766 19.726 7.766 19.726 

7.754 19.695 7.754 19.695 7.754 19.695 
0.006 0.015 0.006 0.015 0.006 0.015 

0.158 0,401 0.1% 0.401 0.106 0.269 

0.058 0.147 0.058 0.147 0.039 0.099 

0.100 0,254 0.100 0.254 0.067 0.170 

13.16 33.43 13.16 33.43 13.16 33.43 

7.34 18.64 7.34 10.64 7.34 18.64 

2.90 7.37 2.90 7.37 2.90 7.37 

2.90 7.37 2.90 7.37 2.90 7.37 

e 304 Stainless Steel (Annealed) 

momel  50 or Wrganite (Type XI) 

n 828/Empol104O/DsA/BDMA 

(80/20/17 ) 

(eont hued 4 

B 
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TABU C-2 (continued) 

Identification i n f o  

Thornel 50 pressure vessel, AeroJet drawing No. 126914-1 
-1 Morganite I1 pressure vessel, Aerojet drawing No. 1269228-1 
-2 Morganite I1 pressure vessel, Aerojet drawing No. 1269228-2 

Liner for Thornel 50 vessel, Aerojet drawing No. 1269205-1 
m e r  for -1 brganite I1 vessel, Aerojet drawing No. 1269205-1 
Liner for -2 MDrganite I1 vessel, Aerojet d r a w i n g  No. ~692~5-1 

Internal volume for Thornel 50 vessel - 5U.3 cu in, 
8379 cu cm 

Internal volume for -1 Wrganite XI vessel - 511.3 cu in. 
Internal volume for -2 Bbrganite I1 vessel - 511.3 cu in. 

8379 cu cm 

8379 cu cm 
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FIG. C-1 THORNEL 50 PRESSURE VESSEL STRESS-STRAIN RELATIONSHIPS 
HOOP DIRECTION OF CYLINDER, 22OC ( 7 5 O F )  
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FIG C-2 MORGANITE (TYPE II) PRESSURE VESSEL STRESS-STRAIN RELATIONSHIPS, 
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(THREE-THIRDS WALL VESSEL) 
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A D 

The l iners  were made of SS 304 stainless steel, 0.015 cm (0.006 in. ) thick, 
The l iner  head sections were formed by sandwiching the l iner  between steel 
sheets and forcing the sandwich thro 
contour. After heat treatment t o  relieve stresses i n  fabrication, 
the head section was removed from the sandwich and tr 
the polar boss was punched. 

a ring using a plug of the proper 

the opening for  

The polar bosses were nrachined from SS 304 bar stock i n  accordlance w i t h  
Fibure 4b i n  the main 'text; particular c 
of the flange. Welding doublers used t o  join the head to the boss were fabri-  
cated from 0.020 cm (0.008 in.) thick stsinless s t ee l  fo i l .  
was rolled into each doubler t o  provide close contact between the head section 
and the boss flange. 

e was taken t o  intab the thickness 

A slight radius 

The cylindrical section was rolled from 0.015 cm (0.006 in.) thick SS 304 
f o i l  and was roll-resistance seam welded t o  the required diameter. 

The l iner  components were joined by roll-resistance seam welding after being 
fixed i n  position by spot welding. 
The doubler was used over the head t o  minimize 
assure weld integrity and, thus, prevent leakage. 
t o  the cylinder w i t h  the aid of a curved electrode inserted through t h e  boss 
opening. 

The bosses were first welded t o  the heads. 
e t o  the thin l iner  and t o  

The heads were then joined 

Two leak checks were lrrsde on each tank liner--the first a soap solution 
lea& test under 821 internal pressure of 48 x 103 n/& (7 psi), and, the second, 
a helium leak check w i t h  a mss spectrometer at  a pressure different ia l  of 
138 x lo3 n/& (20 psi) .  Au l iners  passed the tests* 

Follming the heliumleak check, the l iners  were cleaned and etched, in 
accord w i t h  Aerojet Process Standard ACE 1221which requires clesning i n  a 
solution of 63$ n i t r i c  acid and 0.45 hydrQflWriC acid. 
and enclosed in  a polyethylene bag un t i l  it was used for  filament winding. 

Each liner was dried 
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VESSEL W WEDURE 

Appendix E contains a description of the fibers, the vessel winding and 
curing, and the problems encountered. 

1. Graphite Filament 

The graphite filament used for the winding of the twelve vessels was supplied 
In-process impregnation of w e t  resin w a s  required by the contract. by NOL. 

a. Thornel 50. Twelve 450 gm (one-pound) ro l l s  of Thornel 50 were supplied 
for  the winding of the f irst  six vessels. 
Carbide) provided tensile strength and mdulus data marked on each rol l .  
data are shown i n  Table l of the main text. 

The manufacturer of the yarn (Union 
These 

The cross-sectional area of Thornel yarn is  approximtely one-sixth that 
of a2eead glass filament roving. longitudinal winding w i t h  such a small area 
yarn can lead t o  excessive buildup of the composite around the polar bosses of 
a pressure vessel unless a nuniber of ya,rns are gathered t o  form a wider ribbon 
or tape. 
roving representing each Thornel yarn), turns per revolution, and revolutions 
per vessel were tried for longitudinal winding t o  minimize the buildup at  the 
boss. A review of the  results led t o  the  selection of two yarn bundles, each 
bundle consisting of six Thornel 50 yams, for the longitudinal winding. For 
hoop winding, a single bundle of six yarns w a s  selected. 
used in  the design analysis and winding pattern calculations, Appendix C. 

A rimer of combinations of yarn count (simulated by a three-end glass 

This infomation was 

I n  support of t h i s  concept of six-yarn bundles, six ro l l s  of Thornel 50 
yarn were collated into a bundle and rewound on a Ieesona way-winding machine, 
stopping after collation of enough material for the winding of one vessel, 
the f irst  vessel was successfully wound, the b 
collated into six-yarn rolls.  

After 
e of Thornel 50 yarn was 

During the collation process, numerous breaks and splices were encounter- 
ed i n  the yarn as it p i d  off from the spool. 
sions estimated a t  less than one-tenth kilogram (one-quarter pomd) per yam.  
V i s a  inspection of the ro l l s  showed small  surface cuts across the exposed 
surface of the yarn as recefved. 
was buried under adjacent winding turns; this w a s  judged t o  be the cause of 
some of the breakage. 
splices i n  the as-received ro l l ,  nunibering from five t o  eight per ro l l ,  These 
splices were found t o  be wound into the ro l l ,  apparently without allowing time 
f o r  the splicing glue t o  s tended t o  
balance of the ro l l ,  cam 

At times the yarn broke a t  ten- 

Also, the  broken end of one ply of the yarn* 

A thi rd soume of breakage was the presence of yarn 

plice st ick t o  the 

* Thornel 50 

E -1 
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The nurnber of breaks encountered during the re-spooling process varied 
from two t o  twenty per r o u e  
the six-yarn bundle w a s  between 0,g 
the bundle. 
re-spooled rnaterial where 1.8 kilograms (f 
applied t o  the bundle during subs 
not eliminating, breakage at this  

It is  estimated tha t  the re-spooling tension on 
1.8 kilogpuns (two four pounds) for  

Although the re-spooling caused breaks, it also upgraded the 
pounds) winding tension could be 

vessel winding, thus minimizkg, though 

be  MDrganite I L  Five and f ilograms (twelve pounds) of Wrganite 
I1 tar were furnished for  use on the contract. 
1.8 kilograms (four pounds) eech, w i t h  a totah of sixteen r o l l s ,  

Shipment was i n  t h e e  l o t s  of 

The i n i t i a l  shipment sustained e x t r w  handling ge, i n  spite of the 
well-designed packaging. 
spools was so severe that the cardboard cushions wrapped wound the continuous 
tow were compacted t ightly on the surface of the spooled lvbrganite taw. *!The 
supplier's values of tensi le  strength and modulus were not marked on the r o l l  
or container but were provided on 8 supplementary sheet or were provided t o  
Aerojet by IJOL, 

The denting of metal cans surrounding the  plastic 

The tow, as received, was severely lacking i n  cross-sectional uniformity 
and integrity and displayed numerous snarls and spooling effects which con- 
tributed t o  taw breakage during vessel w i n d i n g .  The ragged construction of 
the tar led t o  pickup of filaments from one turn by adjacent turns unt i l  f inal ly  
a sufficiently smll cross-section remained so that a 1.8 kilogram (four-pound) 
tension resulted in tow breakage. Tow breakage during winding occurred on the  
average of one or  two t i m s  per vessel. The cross-sectional area of Morganite 
I1 tow w a s  sufficiently large t o  allow vessel winding using two taws on the 
longitudinal. mode without encountering severe buildup around the polar bosses. 

2. Preparation for Filament Winding 

A resin adhesive was applied t o  the l iner  before filament winding t o  better 
distribute the expansion of the thin me-& l iner t o  the &graphite comgosite 
during pressure testbag. 
paste cleaner, priming it, and applying the adhesive, using a thin nylon scrim 
cloth over the mtal l iner  t o  provide ea uniform adhesive thickness of approxi- 
mately 0.008 cm (0.003 in. ). 

The process consisted of cleaning the liner w i t h  a 

3. Vessel Winding 

The tanks were f i  n t  wound using a combination longit 1- a hoop- 
winding mchine. 

t was installed i n  the l iner,  ted in the winding machine, 
em applied t o  the liner. The longit 1 pattern was 
8s roving t o  confirm %he winding pa e Two t o t h r e e  

t o  the l iner  weld a r e a s  for 
fairing-in the e seam welding. 

of Epon 828, DSA, Empol BDMk 
ing, as specified from Ta . OD the 
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first vessel (Thornel 50 vessel T-l), the resin was brushed on the liner and 
the composite during winding, with filament tensionin@;, before 
provided by a hysteres e.  The XOL PP 
advised that a better ' could be at 
nontensioned graphite 
subsequent vessels (ex te II vessel) by in$ untessioned 
yarn through a resin pot before appl 
device. On the last 
was in very ragged and fuzzed condition and a brush application of resb was 
used to minimize damage to the yarn sustained when passing the wet material 
through subsequent Prony brake a d  payoff rollers. 

system was applied on all 

One revolution (two hyers) of resin-impre ed graphite yebrm or tar was 
wound longitudinally over the Liner assembly followed by three layers of hoop 
windings in the cylindrical section. 
wall" Wrganite IS vessels, Lhe sequence of one longitudinal revolution plus 
three hoop layers was repeated two mre tima to develop a total composite w a l l  
of six layers of longitudined and nine layers of hoop windings, 
thirds wall" Mrganite XI vessels, only two revolutions of longitudinal winding 
(four Layers) and six hyers of hoop winding were deposited, 
mandrel was i n t e a y  pressurized to rnaintain proper size and shape as the 
fiber windings were on, Temperature sensors (copper-constantan them- 
couples for anibient 
resistance transducers for liquid nitrogen and liquid hydrogen temperature 
testing) were wrapped into the composite w a l l ,  under the last two layers of 
hoop winang. Extensometer attachment pins were wound under the last hoop 
layer. Problems encountered in filament winding and curing of the relatively 
thick graphite filAment-wound composite are discussed in a subsequent section. 

For Thornel 50 vessels and "three-thirds 

In the "two- 

The winding 

liquid nitrogen temperature testing, and platbum 

4. Vessel Curing 

The contract originally specified that the vessels were to be vacuum-bagged 
during cur ing.  
and AeroJet 's standard smaU. filament-wound, test bottles (10e2 cm diameter by 
15.2 cm long (4 in. dianeter by 6 in. long)) to determine the appropriate time 
and temperature of the first stage of curing at which vacuum could be applied 
to the vessel without causing excessive squeeze-out and flaw of the resh and 
subsequent relaxati Although the study yielded 8 cure 
process which gave the firm composite structure desired for the 20.3 em dia. 
by 33 cm long (8 ine dia. by 13 in. long) vessels covered by this program, 
difficulty was encountered in the vacuum bag cure of the larger, thicker 
vessels and the vacuumbag technique was 
BOL, after the cure of the fbst two 20e3 
composite was staged overnight u d e r  heat 
(125  to 1509). me vessel was rotated sl resin runoff. 
Although the resin c 

Accordkgly, a study was performed using flat corqosite sections 

o f  winding tension, 

desired, due to the 

ere not experienced 
to any great de at 93°C (200)P), 
two hours at U 1 * C  ( 
used slow r W z e  resin 
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cycle, 
winding shafit; removed, 
final weight recorded before gressure testing. 

After cure, the vessel was cooled. slowly t o  room temperature; then the 
The vessel interior m s  cleaned and dried and i ts  

5. Winding and Curing Problems 

Yarn md ply breakage i n  the case of Thornel 50 Elad tow breakage i n  the 
case of Ibrganite I1 was a serious problem during filament w i n d i n g ,  
winding tension attenpted when the naaterial w a s  running smoothly was four 
pounds for  the b six Thornel yarns or a single Mor i t e  taw. Good 
sections of Thornel strength of 1,8 t .7 kilograms (four 
t o  six pounds) and 
kilograms (80 po 
The law breaking strength encountered i n  winding is attributable in  part t o  
lack of uniformity i n  the nsaterial, since the breaks occ 

t e r i a l  i n  strands which had not as yet p 
s, or pay-off rollers,  If the Thornel 5 
ed by the co lh t ion  procedure, the inci 

The 

d a breaking strength of about 36 
the as-received conditions , directly from the rol l .  

have been s t i l l  higher. Bssage of the yarns and taws through pots, rollers,  
and brakes caused further visible damage, even though low tension (0.9 t o  1.8 
kilograms (two t o  four pounds)) was 
resin pot were padded w i t h  sof t  rubber. 

intained and squeegee rol lers  on the 

When the low breaking strength during winding is compxed t o  the breaking 
strength of a cured resin-impregna;ted strand, a gain in  strength of 30 t o  100 
times i s  seen. 
filaments during winding w i t h  the w 
tension. 
ductile but advanced prehpregnated yarn. 

This points out the necessity for  sheax- transfer between the 
resin t o  maintain acceptable w i n d i n g  

It is believed that the s t ress  transfer may be obtained by use of a 

Another problea 6ra the filament winding was  the isabi l i ty  t o  rua w i t h  a 
lower resin content, as a result of the requbrement for in-process resin pot 
iqpregnation, 
padding t o  rainimize f n t  
were 50 t o  6% when checked at  the vessel. 
slippage in the winding, 
relatively large boss-to- 
ratio. The slippage w a s  count several ways. Firs t ,  the winding 
tension was redueed from 1,8 t o  0-9 kilo@Erauns 
knuckle area- Second, the  resin i n  the inqre 
( ~ 5 9 )  t o  reduce strand. Third, 
the loilgitudiml layers g Lo 52°C (125@F) 
overnight prior t o  8 encountered, 
the  winding w a s  st from one t o  
two centineters (0 33 t o  three ters of an inch) wide. 

The equeegee rol lers  were run w i t h  l ight pressure and soft 
ge, anti as a result, resin contentx by weight 

This gave a tendency towards 
licated on longitudinal winding by a 
er  ra t io  a d  a 1.5 length-to-diameter 

ur t o  two pounds) a t  the 
ion pot was heated t o  46°C 

f light tensioning slippage result  
ss w a s  about 0,6 

causing serious stress concentration areas. 
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A typical vacuum-bagged surface is sham in Figure Iji of the main text. 
vacuum-bagging process was therefore discontinued and a prestaging and. final 
oven cure without composite compaction was utilized. 
graphite filament-wound composite caused by the light tension, filament 
slippage, and high resin content was a structure which gave visual indications 
of being less than optimum in strength. 

The 

The relatively thick 
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1. Cryogenic-Test Facility 

(-320'F) tests, with the pressurization rate r 
The test fixture consisted of a vacuum c 
leads and vacuwn-jacketed pressurization lines. 
terior were coated with aluminum paint and a layer of aluminum foil was insealled 
inside to provide additional reflective insulation, 

Liquid nitrogen (IN2) was used to pressurize the vessels-for the -195°C 
ted by gas controlled valves. 
provisions for instrument 

The chaniber interior and ex- 

To aid in maintaining minimum test temperatures, the vessels installed in 
the vacuum chaniber were equipped with external cooling coils through which 
liquid cryogen (nitrogen or hydrogen, as applicable) was flowed at essentially 
atmospheric pressure. 
the exkerior ooling coils. m e  vacuum chasiber was pumped dam to 5.3 x 10-2 
n/n? (4 x logo mm Hg) to assure maintenance of the required temperatures. The 
tank teqperatures were mintained as low as possible, and thermal equiPibrium 
was obtained before testing was initiated. 
nitrogen testing was defined as a vessel flange or skin tenperatme of -184% 
(-3OO"F), or less, with -190°C ( - 3 l O . F ) ,  or less, at the vessel outlet vent 
line. 
(-400.F and -410P), respectively. 

A cylinder of reflective foil insulation was used around 

Thenail equilibrium for liquid 

For liquid hydrogen testing, the two temperatures were -240.C and -246'C 

2. Inst nunentat ion 

Temperatures, longitudinal and circumferential strains, and internal 
pressures of the vessel test specixnen were monitored throughout testing. 
F-1 shows the instrument locations. 

Figure 

The electronic and digital equipment used for these measurements was cali- 
brated periodically, against standards traceable to the National Bureau of 
Standards, by the Etrobogy Departnent of the Aerojet Quality Control and Test 
Division. The calibration records are on file at Aerojet. 

Platinum resistance thermometers and cogper-constanka thermocouples were 
used in the -196°C and -253°C (-320.F and -423 
made on the exterior surface near the 
addition, the teqperatures of the cryogenic fluids lnside and outside the tank 
were recorded. 

) tests. The measmenrents were 
sncy at one end of the tank. In 

The Aero jet -developed "bow-tie" extens 
measurements. It consists 
tion that provides 

ends to the 
ide, was used to 

test vesse face. The s deflections of the 

encountered. 



For girth (hoop) strain measure nts, a thin metal strip was placed around 
the cylinder and secured to opposite ends of the extensometer; circumferential 
deflection resulted in a proportional output of the gages on the cantilever 
beams. For longitudi -deflection neasurements, metal strips were affixed to 
instrumentation-pin terminals wound into the tank near the ends of the cylindri- 
cal section. 
cantilever-beam ends were connected to the ends of the strips at the midsection 
of the tank. 
output. 

The strips were run along the cylinder longitudinally; the 

A longitudinal deflection produced a proportional strain-gage 

The accuracy of the strain ges depends on the gage factor, which is 
extremely sensitive to cryogenic-temperature variations. 
required accuracy, the concept of controlled-temperature strain transduction 
was employed: 
their compensation range, 
temperature in the vicinity of the extensometer. 
verify that the heat input to the extensometer did not warm the tank surface 
significantly in the region of the transducer. 
under the heated extensometers to minimize heat transfer to the vessel. The 
test data showed that no significant vessel warming was produced. 
F-2 and F-3 show vessel temperatures during test. 

To provide the 

Heaters were provided to maintain the gage temperatures within 
a sensor was added to record the vessel-surface 

This sensor was used to 

Thermal insulation was used 

Figures 

Before testing, each extensoxnreter was installed on the vessel and shunt 
calibrated under a.xribient conditions throughout its anticipated range of 
deflection. 
the rieaters kept the gages essentially at the anbient tenperatare. 
during the cryogenic tests revealed that the gages were usually roaintained at 
24 i: l l ° C  (75 i:20°F). 
change 5x1 the 24OC (75°F) range, there was negligible loss in accuracy. 

The gage factors did not vary under cryogenic conditions, because 
Wnitoring 

Because the gage factor varies only 1s per 38OC (100'F) 

To calibrate for longitud displacements, the distance between the bow- 
tie attachment points or te 
and its metal-strip extensi e then stretched to the nmximum expected 
deflection, using accurately determined positions (A$). 
culated as A$/$ to jbndicate the total between the two attachment points. 
calibrate the girth extensometer, the tank circumference (L1) was measured 
and the bow-tie attachmnt band was moved to produce the maximum expected 
deflection (A%),  The girth st in was calculated as OL1/ke  Calibration was 
performed under anjbient conditi s, and a shift in the zero poht occurred due 
to thermal contraction when the tank was cooled to cryogenic levels. To correct 
for this shift, it was only necessary to reset the recorder to zero, because the 
repeatability under anibient conditions was essentially linear and the heaters 

s ( ~ 2 )  was carefully measured. m e  instrument 

The strain was cal- 
To 

ient temperatures, 

Two types of long-wire strain gages* were p ovided by PIASA, Lewis Research 
Center for evaluation on the test program. 
because of the extre Ly low cost of these gages. 

* The strain gages wer 

The emluati 
Two s 

A-9 (cellulose-~~er-back~d) and 
tured by BLH Electronics, Walt-, 
on 
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type were installed on each of the six &mganite I1 vessels. 
of each type w a s  installed i n  each of the longitudinal and hoop directions using 
resin 2 (the resin used i n  the filament-winding of the vessels) as an adhesive, 
The strain gages were adhered t o  the cured surface of the vessel and the vessel 
was cured an additional two hours at  149°C (300°F), adequate for the thin layer 
of adhesive. 

One s t ra in  gage 

On tests at -195°C and -253"C, the strain gages failed during cool-down of 
the vessel, as evidenced by a sudden open circuit  observed in the strain gage 
circuits, and thus gave no strain results. 

On tests of vessels at  ambient temperatures (Serial No. H-1 and M-6) the 

The 
strain gages functioned w e l l  and showed reasoaably close agreement w i t h  the 
bow-tie extensometers used as the prim strain measurement instrumnts. 
recorded strain i s  plotted for  coqparison on Figures 35 and 40 of the main 
text. On vessel M-6, both paper-backed s t ra in  gages recorded up t o  the  failure 
level of 0.4 t o  O.5$ strain,  but one phenolic-backed s t ra in  gage failed about 
half -way through the test at  a st rain of 0.255, giving errat ic  readings at that 
point which were attributed t o  adhesive failure. 
gage failed t o  give representative s t ra in  readings at any t h  during the test, 
possibly because of a broken w i r e .  

The second phenolic-backed 

On vessel M-1,  three s t ra in  gages measured s t ra in a l l  the way t o  the vessel 
burst point, a strain of 0.4s. 
and one was paper-backed; the second paper-backed gage failed to  provide usable 
readings 

Two of the strab gages were phenolic-backed 

It appears that each of the two types of strain gages axe acceptable candi- 
dates for  further evaluation at ariibient temperature but should be used redundant- 
l y  due t o  their apparent lack of reliabil i ty.  
additional testing cost due t o  the additional nuniber of instrumentation channels 
required, and there is  no saving over bow-tie extensometer s t ra in  measurement. 
Neither of the two types of long-wire s t ra in  gages appeaxs feasible for  cryogenic 
testing. 

Redundant use, however, adds 
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Symbol Measurement 
PC-1,2 Specimen Pressure 
To Specimen Outlet Temp. 
Tin Specimen Inlet  Temp. 
TC -1 Specimen (Skin) Temp. 
TLO-lJ2,3 Strain Displ. Trans. Temp. 
E-1 Specimen Strain , Hoop 
L0-2,3 Specimen Strain, LongituUnal 
L1,2,3 Strain Measurement Distances 

In 

TC-1 

TLG-1 
LG-1 
I 

FIG. F-1 LOCATION OF INSTRUMENTATION ON TEST VESSEL 
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